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In  June  of  1973,  the  United  States  and  the  Soviet  Union  signed 
a formal  agreement  for  cooperation  in  oceanographic  research.  This 
accord,  entitled  "Agreement  between  the  Government  of  the  United  States 
of  America  and  the  Government  of  the  Union  of  Soviet  Socialist 
Republics  on  Cooperation  in  Studies  of  the  World  Ocean"  includes 
working  groups  on  air/sea  interaction;  ocean  dynamics;  geology, 
geophysics,  and  geochemistry;  instrumentation;  and  biological  pro- 
ductivity. The  following  document  on  the  "Ecology  of  Marine  Fouling 
Communities"  was  prepared  by  the  US/USSR  Joint  Working  Group  on 
Biological  Productivity  and  Biochemistry  of  the  World  Ocean. 

The  aim  of  the  Agreement  is  to  encourage  cooperative  research 
and  an  exchange  of  information  between  marine  scientists  of  the  two 
countries,  not  to  the  exclusion  of  other  nations,  but  for  the  better- 
ment of  mankind  in  general.  The  cooperative  program  which  has 
resulted  in  this  first  volume,  is  developing  in  the  true  spirit  of 
the  original  agreement:  a free  exchange  of  information  by  marine 

scientists  of  the  two  countries,  in  this  case  through  a workshop 
held  in  the  US  to  be  followed  by  a workshop  next  year  in  the  USSR, 
leading  eventually  to  the  direct  exchange  of  scientists  for  joint 
research  projects. 

It  is  hoped  that  this  volume  will  be  but  the  first  of  many, 
representing  joint  and  cooperative  efforts  by  marine  life  scientists 
of  our  two  countries.  Cooperation  in  such  areas  of  mutual  interest 
can  only  serve  to  enhance  our  knowledge  of  the  oceans  and  its 
numerous  living  connunities  to  the  benefit  of  all  mankind. 


Robert  M.  White,  Chairman 
U.  S.  Side  US/USSR  Joint  Committee  on 
Cooperation  in  Studies  of  the  World  Ocean 
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WORKSHOP  ON  ECOLOGY  OF  FOULING  COMMUNITIES 


Introduction 

Within  the  framework  of  the  cooperative  U.S. -Soviet 
program,  "Biological  Productivity  and  Biochemistry  of  the 
World's  Oceans,  ' provision  aas  been  made  for  a sub-orogram 
to  considejj^che  ecology  of  fouling  and  boring  communities. 
Vithin  th 1 s ub-program  we  have  developed  several  work- 
shops on  fouling  communities,  with  a special  interest  in 
their  origin  and  stability,  their  physiological  ecology, 
and  their  use  as  an  e.xperimentai  model  in  lieu  of  less 
accessj.ble  benthic  communities.  The  basic  objectives  of 
the  first  workshop  at  Beaufort,  .Ncrt.n  Carolina,  .November 
16-22,  19"’5,  were  to  review  current  research  in  both  the 
United  States  and  the  Soviet  Ufcn.  consider  which  aspects 
of  the  researc.h  might  warrant  furu,  : r e.xtansion  and  elabo- 
ration, and  to  plan  whic.h  phases  of  the  researc.n  might  be 
developed  into  a cooperative  program  i.nvclving  Soviet  and 
■J.3.  scientists. 

The  community  of  organisms  commonly  associated  with 
the  "fouling'  of  man-made  structures  has  been  demonstrated 
to  be  an  excellent  system  for  basic  ecological  studies,  in- 
cluding manipulations  and  quantitative  analysis  of  the 
affects  of  a variety  of  parameters  on  community  oompositicn 
and  stability.  Fculi.ng  communities  have  historically  been 
the  focus  of  a considerable  amount  of  attention  with  the 
result  that  many  of  the  species  within  this  community  are 
well  known  biologically.  Natural  communities  can  be  devel- 
oped on  plates  whic.h  are  easily  examined  and  many  of  t.he 
dominant  orgcjnisms  are  sessile  so  that  communities  can  be 
developed  arid  experiments  can  be  conducted  under  natural 
conditions  to  examine  various  aspects  of  community  function. 

Heretofore,  considerations  of  fouling  communities,  or 
for  that  matter  consideration  of  marine  benthic  cor-m.unities 
in  general,  have  all  too  frequently  restricted  themselves 
to  those  aspects  which  involve  only  the  adult  populations. 
The  larval  phases,  as  well  as  the  interrelationships  be- 
tween the  larvae  and  adults,  have  not  normally  been  con- 
sidered. 

The  purpose  of  the  first  workshop  was  to  consider  how 
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larval  development,  larval  dispersal,  and  physiological 
and  behavioral  aspects  of  the  adult  populations  can  affect 
the  structure  and  species  composition  of  the  community 
through  the  control  of  fluctuations  in  the  population  and 
by  the  determination  of  the  geographic  range  and  genetic 
diversity  of  individual  species.  To  accomplish  this  it 
was  felt  that  we  should  consider  a number  of  dependent 
aspects:  First,  how  morphological  and  physiological 

characteristics  of  the  larvae  are  related  to  reproductive 
success  of  populations  and  how  the  larval  characteristics 
and  behavior  are  modified  by  the  marine  environment;  Second, 
how  the  direction  and  velocity  of  ocean  currents,  together 
with  the  behavior  of  the  larvae,  affect  larval  dispersal 
between  geographically  separated  populations;  Third,  the 
taxonomic  differences  between  geographically  separated 
populations  of  adults  (i.e.,  differences  in  morphological, 
physiological,  biochemical,  and  immunological  characterist- 
ics); Fourth,  the  genetic  basis  for  differences  between  and 
within  geographically  separated  populations  of  single 
species  through  laboratory  experimentation;  Fifth,  the  role 
of  larval  dispersal  in  determining  the  genetic  characterist- 
ics of  populations;  and  finally,  an  analysis  of  niche 
structure,  diversity,  and  species  pacJ^ing  of  relevant 
comm uni  ties . 

It  would  be  hoped  that  through  the  review  papers,  the 
individual  research  reports,  and  the  many  discussions  which 
occurred  during  the  week  of  the  symposium,  some  of  the 
interrelationships  which  exist  between  the  planktonic 
larvae  and  the  benthic  adult  communities  were  examined  and 
further,  that  some  specific  thoughts  on  areas  which  should 
be  given  greater  attention  have  been  outlined.  Areas  where 
cooperative  research  would  be  feasible  have  also  been 
considered,  ideally  those  areas  which  would  involve  U.S. 
scientists,  Soviet  scientists,  and  interested  specialists 
from  a number  of  other  countries. 

I am  hopeful  that  in  the  months  to  come  some  number  of 
the  participants  at  the  first  workshop  will  communicate  with 
each  other,  outlining  in  greater  detail  just  how  such 
cooperative  programs  might  be  developed.  We  would  then  hope 
to  meet  again  in  the  Soviet  Union,  perhaps  in  the  fall  or 
early  winter  of  1976,  to  permit  those  individuals  who  have 
developed  specific  ideas  to  discuss  further  the  details  of 
cooperative  research  programs  and  beqin  to  make  definite 
plans  for  the  exchange  of  scientists  oetween  laboratories  in 
order  to  implement  the  projected  cooperative  programs. 
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SUMMARY  AND  RECOMMENDATIONS 
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Through  review  papers,  abstracts  describing  specific 
results  of  individual  research  projects,  and  discussions  be- 
tween twenty  five  scientists  from  institutions  within  the 
United  States  and  five  scientists  from  institutions  within 
tlie  Soviet  Union,  current  research  involving  the  adult  and 
larval  ecology  of  those  species  comprising  the  fouling  com- 
munities of  the  world's  oceans  were  considered.  Special 
emphasis  was  placed  on  the  interrelationships  between  the 
adult  and  larval  stages  and  how  fouling  communities  are 
maintained,  including  the  following  subtopics:  How  morpho- 

logical and  physiological  characteristics  relate  to  repro- 
ductive success  of  populations  and  how  larval  characteristics 
and  behavior  may  be  modified  by  the  environment:  How  the 

direction  and  velocity  of  currents,  coupled  with  behavior  of 
the  larvae,  may  affect  dispersal  between  geographically 
separated  populations;  Taxonomic  differences  between  geo- 
graphically separated  populations  of  adults;  How  the  genetic 
basis  for  differences  between  and  within  geographically 
separated  populations  may  be  determined  through  laboratory 
experimentation;  The  role  of  larval  dispersal  in  determining 
the  genetic  characteristics  of  populations;  and  An  analysis 
of  niche  structure,  diversity,  and  species  packing  of  rele- 
vant communities. 

From  discussions  within  individual  groups  and  a final 
discussion  to  consider  the  recommendations  of  the  subgroups, 
a number  of  specific  areas  of  research  were  emphasized  with 
additional  recommendations  on  ways  through  which  coordinated 
and  cooperative  research  might  be  initiated  and  implemented. 

A more  complete  understanding  of  larval  biology  was 
considered  essential  for  an  understanding  of  fouling  commu- 
nities. Emphasis  should  be  placed  on  studies  directed 
toward  an  appreciation  of  the  relationship  between  larval 
stages  and  the  estuarine  and  marine  environments,  including 
the  tolerances  and  behavior  of  larvae  under  laboratory  con- 
ditions as  well  as  within  the  natural  environment,  comparing 
where  possible  larvae  from  populations  representing  differ- 
ent geographical  areas.  The  basic  problems  of  mechanisms  of 
dispersal,  the  adaptive  role  and  consequences  of  widespread 
dispersal  in  time  and  space,  and  the  behavioral  adaptations 
which  have  been  developed  by  larvae  relative  to  their 
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planktonic  existence  should  be  considered.  The  mechanisms 
of  larval  settlement,  including  behavior,  sensory  perception 
and  settlement  responses,  should  receive  further  considera- 
tion a.-id  studies  on  the  effects  of  intraspeci  f ic  and  inter- 
specific interactions  at  the  time  of  larval  settling  shoulc 
be  considered  as  they  apply  to  the  effective  densities  and 
functional  type  of  adults.  Efforts  should  be  made  to  plan 
research  which  concentrates  on  genetic  differentiation  of 
cosmopolitan  fouling  organisms,  with  the  genera  and 

Teir  uo  serving  as  examples,  and  consideration  should  be 
given  to  whether  geographical  differentiation  and  magnitude 
of  genetic  polymorphism  are  the  same  in  world  wide  species 
as  in  those  species  which  demonstrate  a more  restricted 
distribution.  Such  studies  would  contribute  a unique  series 
of  data  on  the  genetic  composition  of  world  wide  species 
and  genera,  relating  directly  to  the  fundamental  questions 
of  gene  flow,  natural  selection,  migration,  and  speciation. 
Within  this  same  general  area,  studies  should  be  developed 
which  contribute  to  microgeographic  variation  (tidal  zones, 
estuaries,  etc.)  and  the  relationship  of  physiology  to 
genetic  variability.  Life  histories  and  development  of  deep 
sea  fouling  and  benthic  organisms  were  also  considered  to  be 
of  extreme  importance.  The  fundamental  understanding  of 
larval  taxonomy,  physiology  and  endocrinology,  were  consid- 
ered as  essential  to  many  of  the  more  specialized  studies. 

It  was  also  felt  that  further  consideration  should  be 
given  to  the  structure  of  fouling  communities,  both  in  time 
and  space,  including  their  species  composition  and  biom.ass. 
The  way  in  which  communities  develop  in  different  geographi- 
cal areas  and  the  types  of  substratum  which  they  occupy  were 
also  considered  of  importance  with  further  studies  to  deter- 
mine the  patterns  of  stability  in  the  different  communities 
and  how  energy  flow  and  productivity  may  vary. 

Three  general  phases  were  considered  in  the  development 
of  collaborative  and  cooperative  research  programs.  Phase  I, 
which  is  currently  underway,  would  concentrate  on  the  ex- 
change and  further  communication  of  existing  information 
relative  to  previous  and  current  research  on  fouling  commu- 
nities. This  would  include  familiarizing  participating 
scientists  with  existing  literature,  preparation  of  review 
articles  with  cross  publication  between  the  two  countries, 
the  planning  of  workshops  and  conferences  on  larval  ecology 
as  it  relates  to  the  major  areas  of  concern,  the  exchange 
of  lists  of  experts  indicating  areas  of  interest  and  species 
with  which  they  work,  and  the  preparation  and  dissemination 
of  descriptive  and  illustrative  material  on  species  of  mu- 
tual interest. 

Phase  II  is  viewed  as  one  of  exchange  of  collected 
material  with  emphasis  on  the  identification  of  larvae  from 
both  the  plankton  and  from  culture  in  the  laboratory  plus 
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the  exchange  of  scientists  for  relatively  short  periods  of 
time  to  permit  familiarization  with  on-going  programs,  fauna 
within  different  areas  of  the  U.S.  and  the  U.S.S.R.,  and 
planning  for  short-term  collaborative  research  projects. 

Phase  II  was  further  viewed  as  an  opportunity  for  developing 
cooperative  research  through  the  use  of  on-going  research 
programs  of  mutual  interest  to  scientists  from  both  coun- 
tries . 

Phase  III,  developing  largely  fron;  the  short-term  col- 
laborative efforts  described  in  Phase  II,  would  lead  to  plan- 
ning for  specific  areas  of  cooperative  research  in  those 
areas  which  have  been  previously  described  and  whore  the  mag- 
nitude of  the  effort  would  warrant  a carefully  organized  team 
research  involving  scientists  from  both  the  U.S.  and  the  U. 
S.S.R.  For  example,  studies  of  life  histories  and  develop- 
ment of  deep  sea  fouling  and  benthic  organisms  could  well 
require  facilities  and  logistical  support  which  would  be  best 
arranged  through  a joint  effort  involving  scientists  from 
both  countries. 

It  was  also  felt  desirable  to  develop  the  long-term  pro- 
gram of  sampling  of  fouling  communities,  utilizing  available 
techniques  with  the  establishment  of  permanent  substrates  or 
quadrants  which  may  be  sampled  non-destruct ively , and  design 
experiments  to  analyze  experimentally  the  species  interact- 
ions of  these  fouling  communities.  Included  in  this  parti- 
cular portion  of  the  recommended  research  would  be  studies 
on  the  growth,  reproduction,  longevity,  recruitment,  ener- 
getics, and  genetic  variation  within  the  species  which  form 
the  various  communities. 
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INTRODUCTION 

Benthic  invertebrates  exhibit  varied  patterns  of  larval 
development  which  can  include  benthic  or  pelagic  larval 
development  and  feeding  or  non-feeding  larvae.  Energetic 
efficiency  in  reproduction,  dispersal,  and  age  structure  of 
benthic  populations  is  affected  by  these  complex  life 
cycles;  therefore,  a theory  of  structure  of  fouling  com- 
munities will  not  be  complete  until  there  is  an  adequate 
understanding  of  the  adaptive  causes  and  consequences  of 
these  complex  life  cycles.  This  review  describes  some  re- 
cent work  on  two  aspects  of  the  larval  phase  which  can  be 
expressed  as  two  questions.  First,  how  are  costs  and  ad- 
vantages of  different  types  of  larval  development  related 
to  the  environment  or  to  character istics  of  the  adults? 
Second,  how  is  substratum  selection  related  to  subsequent 
survival  and  reproduction? 


COSTS  AND  ADVANTAGES  OF  PELAGIC  LARVAE 

The  mortality  rates  and  dispersal  associated  with  pe- 
lagic development  are  different  from  those  with  benthic 
development.  The  costs  of  dispersal  by  means  of  a pelagic 
larval  stage  are  transport  into  areas  without  suitable 
habitat  for  the  adults  and  perhaps  also  a higher  mortality 
from  predation  during  the  pelagic  period.  It  is  usually 
assumed  that  embryos  or  larvae  which  are  brooded  or  se- 
questered in  egg  capsules  on  the  bottom  do  not  suffer  as 


1 


great  a mortality  as  embryos  or  larvae  in  the  plankton. 
Ttiere  are  many  possible  advantages  of  some  means  of  dis- 
persal in  tlie  life  of  an  otherwise  sessile  or  sedentary 
organism.  Offspring  which  travel  some  distance  from  their 
parents  may  avoid  crowding  or  concentrations  of  predators 
or  parasites  whicli  occur  after  a population  has  been  in- 
creasing for  a period  in  one  area.  Local  disturbances  or 
other  environmental  changes  may  create  favorable  new  areas 
at  some  distance  from  the  parentaJ  population  which  can  be 
quickly  colonized  by  dispersing  larvae.  Spread  of  off- 
spring relative  to  each  other  also  occurs  during  a pelagic 
phase  and  can  serve  to  spread  the  risks  encountered  during 
the  benthic  phase  of  life. 

Pelagic  larvae  can  either  feed  or  rely  entirely  on  re- 
serves provided  by  the  parent.  Larval  feeding  permits 
growth  between  liberation  from  the  parent  (or  egg  capsule) 
and  settling.  This  advantage  is  usually  manifested  in  the 
production  of  smaller  and,  therefore,  more  numerous  eggs,  but 
sometimes  results  in  larger  size  at  settling.  Larval  feed- 
ing is  usually  also  associated  with  longer  periods  of  lar- 
val development  due  to  limited  food  supplies,  the  develop- 
ment of  more  elaborate  larval  structures,  or  both.  It  is 
usually  assumed  that  a longer  pelagic  period  results  in 
higher  mortality  from  predation  or  from  transport  away  from 
favorable  areas.  The  longer  period  of  larval  development 
also  permits  greater  dispersal,  and  this  is  often  regarded 
as  a primary  advantage  of  plank totrophic  development.  In 
this  view,  the  smaller  more  numerous  eggs  and  feeding  lar- 
vae permit  greater  dispersal  at  less  cost.  Currents  and 
eddies  in  the  sea  permit  dispersal  on  a rather  large  scale 
in  a few  days  (Okubo,  1971),  and  pelagic  periods  of  this 
duration  are  readily  attained  with  non-feeding  larvae. 

There  are  possible  advantages  to  the  added  dispersal  per- 
mitted by  larval  feeding,  but  it  is  not  yet  clear  whether 
these  advantages  are  commonly  realized  in  nature. 

This  summary  differs  only  slightly  from  the  views  ex- 
pressed by  Thorson  (1950)  or  Mileikovsky  (1971).  Studies 
related  to  the  costs  and  advantages  of  feeding  or  non- 
feeding larvae  and  benthic  or  pelagic  development  are  dis- 
cussed in  the  following  sections. 


THE  PELAGIC  ENVIRONMENT  AND  LARVAL  DEVELOPMENT 

An  indirect  approach  to  discovering  costs  and  advan- 
tages of  different  modes  of  development  is  to  examine  cor- 
relations between  type  of  larval  development  (benthic, 
pelagic;  feeding,  non-feeding)  and  environmental  conditions 
(latitude,  depth,  temperature,  seasonal  food  supply,  off- 
shore currents,  estuarine  conditions,  etc.).  Mileikovsky 


(1971)  has  reviewed  work  on  ttiese  trends.  The  explanations 
for  some  trends  seem  straightforward.  The  trend  toward  non- 
feeding larvae  at  great  depths  is  probably  related  to  low 
concentrations  of  food  for  larvae.  Other  trends  are  less 
easily  explained,  such  as  the  trend  toward  brooded  and  non- 
feeding larvae  at  very  high  latitudes.  Thorson  (1946)  sug- 
gested that  the  combination  of  low  temperatures  and  short 
season  of  abundant  phytoplankton  made  it  difficult  to  com- 
plete larval  development  while  food  was  abundant.  Low  food 
supply  results  in  prolonged  development  in  feeding  larvae 
and, thus,  increased  risks  of  mortality  from  predation  or  loss 
from  favorable  areas.  Difficulties  of  this  explanation  have 
been  discussed  by  several  authors.  Thorson  himself  pointed 
out  that  some  widespread  and  abundant  species  at  high  lati- 
tudes have  feeding  pelagic  larvae.  Pearse  (1965,  1969) 
argues  that  some  of  these  feeding  larvae  may  be  demersal  and 
require  periods  on  the  order  of  one  year  to  complete  larval 
development.  Underwood  (1974)  argues  that  development  rates 
are  adapted  to  environmental  temperatures  and  that  rate  of 
development  of  feeding  larvae  is  limited  more  by  food  supply 
than  temperature.  This  argument  is  only  partly  correct,  and 
because  it  concerns  costs  of  a pelagic  feeding  larval  stage 
under  less  extreme  conditions,  it  is  worth  noting  studies 
concerning  rates  of  development  and  temperature. 

Partial  temperature  compensation  in  rates  of  develop- 
ment is  described  for  times  between  cleavages  in  summer  and 
winter  eggs  of  Paraaentrotus  lividus  (Horstadius,  1975),  for 
time  to  hatching  in  several  species  of  copepods  (McLaren, 
et  al . , 1969),  and  for  other  organisms,  but  development  is 
still  slower  for  the  animals  living  at  lower  temperatures. 
Slower  development  at  lower  but  normal  environmental  tem- 
peratures has  been  found  in  other  inter-  and  intraspecific 
comparisons  of  embryos.  (See  Patel  and  Crisp,  1960,  on 
barnacles;  Pearse,  1969,  on  asteroids;  and  Wear,  1974,  on  a 
decapod  crustacean.) 

The  studies  cited  above  concern  non-feeding  stages.  In 
culture,  feeding  larval  stages  from  colder  waters  also  tend 
to  develop  more  slowly  at  or  near  their  normal  environmental 
temperatures.  The  counterexample  frequently  cited  is 
Thorson's  (1946)  comparison  of  pelagic  larval  periods  in 
echinoderms  from  tropical  and  temperate  waters.  Thorson 
noted  that  many  of  the  larval  periods  with  feeding  larvae 
were  similar,  but  these  estimates  were  from  cultures  in 
which  temperature  and  food  varied  greatly.  If  the  minimum 
pelagic  periods  listed  by  Thorson  are  compared,  the  echino- 
derms from  warmer  waters  clearly  developed  faster.  The 
same  result  is  obtained  when  other  studies  of  echinoderms 
with  feeding  larvae  are  compared  (Caldwell,  personal  com- 
munication; Greer,  1962;  Johnson  and  Johnson,  1950;  Turner, 
1965;  Yamaguchi,  1973).  Most  results  from  the  laboratory 


have  limited  relevance  to  the  problem,  however,  because  the 
nature  and  concentration  of  food  are  unlike  natural  condi- 
tions. It  is  curious  that  tiicre  have  been  few  attempts  at 
coastal  laboratories  to  estimate  the  deqree  to  whicli  natu- 
rally occurrinq  food  limits  rate  of  development  of  piankto- 
tropiiic  larvae.  Vance  (unpublished)  used  unfiltered  se.- 
water  ciianqed  daily  to  rear  ecliinoplutei  and  compared  rates 
of  development  in  these  cultures  to  rates  in  similar  cul- 
tures in  wl'.ich  phytoplankton  concentrations  were  reduced  by 
addition  of  filtered  sea  water.  lie  found  that  a decrease  in 
phytoplankton  concentration  prolonged  development.  If 
development  rates  were  increased  by'  addition  of  cultured 
phytoplankton  or  con'  . 'ntrated  phytoplankton,  then  food 
limitation  under  natur.:l  conditions  would  be  clearly  de- 
monstrated. Such  txpe'r  1: -t_  nts  could  be  carried  out  for  many 
types  of  larvae  in  nany  w.ters  without  great  difficulty. 

If  rates  of  devei  pment  and  mortality  could  be  readily 
determined  from  plankton  samples,  the  results  would  be  far 
more  relevant  to  determining  the  costs  and  advantages  of 
different  types  of  larval  development.  Such  estimates  are 
possible  when  all  stages  considered  can  be  caught  with 
equal  efficiency  and  when  larvae  are  produced  synchronously 
in  discrete  pulses.  When  larvae  are  produced  continuously 
at  a constant  rate,  the  mortality  between  stages  can  be 
estimated  but  not  rate  of  growth.  Miieikovsky  (1971)  dis- 
cusses several  studies  in  which  mortality  was  estimated  from 
plankton  samples,  but  there  is  not  sufficient  data  for  com- 
parisons among  larval  types  or  among  locations.  Comparative 
data  obtained  in  this  manner  for  different  taxa  and  differ- 
ent waters  would  be  of  great  interest,  but  few  attempts 
have  been  made.  Only  data  from  the  field  can  demonstrate 
effects  of  larval  size  or  defense  mectianisms  on  mortality 
rates  in  natural  populations. 

Tlie  discussion  above  indicates  some  difficulties  in 
using  observed  geographic  trends  in  ty'pe  of  development  to 
determine  advantages  and  costs  of  different  types  of  larval 
development.  Anottier  source  of  difficulties  in  interpreting 
correlations  with  environmental  gradients  is  that  so  many 
factors  vary  togetlier.  Temperature  and  concentrations  of 
food  often  vary  simultaneously  and  comparisons  among  lo- 
cations in  which  these  two  factors  are  separated  require 
more  advanced  planning  of  sampling  and  observation  than  has 
been  po..sible  to  date.  Different  types  of  larval  develop- 
ment can  be  associated  with  different  sizes  at  metamorp)iosis 
so  that  a shift  to  another  mode  of  larval  development  might 
be  caused  by  selection  for  larger  size  in  individuals  be- 
ginning benthic  life.  In  asteroids  with  non-feeding  larvae 
(either  brooded  or  pelagic)  the  juveniles  formed  at  meta- 
morphosis tend  to  be  much  larger  tlian  the  juveniles  formed 
by  planktotrophic  development  { Birkeland  , e f al . , 1971).  In 


ophiuroids  with  brooding,  the  juveniies  released  from  par- 
ents tend  to  be  larger  than  juveniles  formed  at  metamor- 
phosis of  either  feeding  or  non-feeding  larvae  developing 
independently  of  the  parents  (Hendler,  1975).  The  value  of 
larval  dispersal  may  also  vary  over  environmental  gradients 
because  of  trends  in  tiie  dynamics  of  benthic  populations. 
There  is  not  sufficient  information  to  rule  out  tlie  possi- 
bility that  advantages  of  a dispersal  phase,  as  well  as 
costs  of  a dispersal  phase,  may  determine  observed  trends. 

Finally,  the  forms  of  feeding  larvae  are  conservative, 
and  different  larval  forms  may  exnibit  different  inherent 
limitations  in  their  feeding  mechanisms  (Strathmann,  1975) . 
The  larvae  of  reptant  decapods  prey  on  animals  rather  than 
on  phy toplanliton  and  may  not  experience  the  same  limitations 
on  food  supply  over  the  same  environmental  gradients.  This 
could  contribute  to  the  higher  incidence  of  plan):totrophy 
among  decapods  as  compared  to  taxa  with  ciliated  larval 
forms,  but  hypotheses  of  this  sort  can  be  tested  only  by 
extensiv'e  comparative  observations  utilizing  numerous  higher 
taxa . 


SIZE  OF  EGGS  IN  SPECIES  WITH  PLANKTOTROPHIC  LARVAE 

Larval  feeding  permits  small  eggs  and,  tlierefore,  numer- 
ous eggs,  but  the  causes  of  variation  in  size  of  eggs  among 
species  with  planlc totrophic  larvae  has  not  received  much 
attention.  Vance's  (1973)  model  of  "strategies"  of  repro- 
duction with  lecithotrophic  or  plan)ctotrophic  larvae  empha- 
sized energetic  efficiency  and  the  advantages  of  either  ex- 
treme plank totrophy  with  very  small  eggs  or  complete  leci- 
thotrophy  with  no  feeding,  but  the  cost  of  reducing  egg  size 
when  there  is  planktotrophic  development  has  not  been  exam- 
ined adequately  for  benthic  invertebrates.  Blaxter  and 
Hempel  (1963)  found  that  herring  eggs  with  greater  dry 
weight  develop  to  hatching  in  the  same  time  but  give  rise  to 
larvae  which  are  longer  and  heavier,  have  a larger  yolk  sac 
remaining  at  hatching,  and  survive  longer  while  starving. 

To  my  knowledge,  survival  while  starving  has  not  been  exam- 
ined in  relation  to  egg  size  in  benthic  invertebrates, 
though  information  on  rate  ■-  development  and  larval  size  is 
available.  Indirect  estimates  on  volume  filtered  per  milli- 
liter of  oxygen  consumed  for  two  echinoids  with  different 
sized  eggs  indicate  that  small  eggs  need  not  impose  a de- 
creased efficiency  of  feeding  (Strathmann,  1975).  Smaller 
larvae  generally  are  restricted  to  smaller  food  and  this  may 
be  one  of  the  greatest  costs  of  reduced  size  of  eggs. 
McLaren,  et  al.,  (1969)  find  that  larger  eggs  develop  more 
slowly  through  hatching  in  copepods,  and  Wear  (1974)  indi- 
cates that  tlnis  may  be  the  case  among  closely  related 
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decapod  Crustacea;  but  egg  size  does  not  discernibly  influ- 
ence time  to  hatching  in  many  invertebrates  with  feeding  lar- 
vae. Vance's  (1973)  model  assumes  that  decreased  egg  size 
with  planktotrophy  necessitates  a longer  larval  life.  This 
might  indeed  be  expected  if  the  size  of  the  juvenile  formed 
at  metamorphosis  were  always  the  same,  but  this  size  can 
vary  greatly.  In  some  taxa  smaller  eggs  produce  smaller 
hatched  larvae  and  smaller  larvae  at  settling  (Barnes  and 
Barnes,  1965,  on  barnacles)  and  an  effect  on  the  length  of 
pelagic  life  has  not  been  detected.  In  such  cases  both  larg- 
er food  available  to  the  larva  and  larger  size  at  the  begin- 
ning of  benthic  life  could  provide  an  advantage  to  animals 
with  larger  eggs.  In  other  taxa, stage  and  size  at  settling 
and  metamorphosis  can  vary  greatly  and  may  be  largely  inde- 
pendent of  egg  size.  Larger  eggs  can  be  associated  with 
higher  latitudes  and  colder  water  within  a species  or  a gen- 
us with  a feeding  larval  stage  (Barnes  and  Barnes,  1965,  on 
Balanus  balanoides-,  Efford,  1969,  on  r.’v.  r ' t a spp.;  Magstrom 
and  Lbnning,  1967,  on  Stronj’jloecntr'otUi-,  spo.).  The  adap- 
tive s igni  f icance  of  these  gradients  in  egg  size  could  in- 
volve any  of  the  factors  mentioned  above. 


PELAGIC  LARVAE  AND  THE  DYNAMICS  OF  BENTHIC  POPULATIONS 

The  absence,  presence,  or  duration  of  a pelagic  larval 
phase  undoubtedly  affects  the  dynamics  of  benthic  popu- 
lations, and  the  dynamics  of  populations  in  the  benthic 
phase  of  life  undoubtedly  influences  the  evolution  of 
pelagic  larvae;  but  it  is  difficult  to  distinguish  causes 
and  effects  in  these  relationships.  Thorson  (1946)  sug- 
gested that  species  with  a long  pelagic  larval  phase  had 
more  irregular  annual  recruitment  because  of  varying  success 
in  the  planicton.  Barnes  and  Powell  (1950)  suggested  that 
a heavy  set  of  Balcinus  balanoides  could  result  in  over- 
crowding and  loss  of  hummoclcs,  and  that  a light  set  could 
result  in  firmer  attachment  and  higher  survival  rates 
in  the  benthos.  Many  other  investigators  have  also  inter- 
preted spatial  and  temporal  variation  in  benthic  popula- 
tions as  the  result  of  variations  in  intensity  of  set  of 
larvae.  Most  authors  drawing  this  conclusion,  however, 
were  unable  to  observe  mortality  of  the  newly  settled  juve- 
niles. Connell  ( 1961  ) followed  settling  and  survival 
of  B.  balanoides  cyprids  and  concluded  that  "while  the 
density  observed  at  the  end  of  the  settlement  season  may 
occasionally  be  severely  limited  by  the  supply  of  plank- 
tonic larvae  at  Millport  it  was  usually  determined  by  occu- 
rences on  the  shore,  there  being  a vast  oversupply  of  lar- 
vae." Muus  ( 197.3  ) in  a study  of  11  bivalve  species  in 
the  0resund  found  that  " the  number  of  settling  bivalve 
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specimens  had  very  little  influence  upon  the  success  of  the 
season’s  spatfall."  Sampliny  and  counting  settling  larvae 
or  newly  settled  juveniles  is  tedious,  for  some  species  it 
it  impossible,  but  it  is  the  most  reliable  means  of  distin- 
guishing losses  in  the  plankton  and  losses  in  the  benthos. 
Investigators  who  have  attempted  such  sampling  have  found  a 
great  degree  of  independence  between  intensity  of  set  and 
numbers  subsequently  surviving  to  reproduce.  Though  appro- 
priate studies  have  been  few,  we  can  conclude  ttiat  although 
sot  varies  enormously,  benthic  conditions  also  im[,ose  large 
variations . 

The  studies  mentioned  above  do  not  compare  animals  with 
feeding  and  non-feeding  larvae  or  brooded  and  pelagic  devel- 
opment; but  if  benthic  conditions  can  produce  large  varia- 
tions in  recruitment,  the  size  and  development  of  juveniles 
when  they  begin  benthic  life  or  the  habitat  occupied  in  the 
benthic  phase  may  have  as  great  an  influence  on  variation 
in  recruitment  as  the  duration  of  the  pelagic  larval  stage. 
Buchanan's  (1967)  studies  on  five  species  of  infaunal 
ectiinoderms  indicated  no  relationship  between  t)ie  type  of 
larval  development  and  annual  variation  in  the  adult  popu- 
lation (Strathmann,  1976). 

As  indicated  above,  the  data  from  most  studies  do  not 
separate  variations  in  survival  in  the  plankton,  success  in 
settling,  and  survival  in  the  benttios,  yet  these  distinc- 
tions are  essential  to  an  understanding  of  the  adaptive 
significance  of  larval  dispersal.  Four  other  obstacles  to 
such  understanding  are  the  difficulty  of  studying  popula- 
tions over  large  areas  and  long  periods,  the  difficulty  of 
determining  survival  of  different  genotypes,  confusion  con- 
cerning different  sorts  of  advantages  to  be  gained  from 
dispersal,  and  the  difficulty  of  determining  the  actual 
dispersal  of  larvae  released  at  various  locations.  The 
latter  two  obstacles  are  discussed  below.  A sessile  organ- 
ism obviously  requires  some  means  of  dispersal  at  some  stage 
of  life.  The  advantage  to  be  gained  from  a pelagic  period 
of  several  weeks,  as  opposed  to  several  days,  is  less 
obvious.  Scheltema  (1971)  has  emphasized  the  distance  lar- 
vae may  travel  from  their  parents  and  implies  that  differen- 
tial extinction  of  populations  or  species  may  favor  species 
with  a long  pelagic  larval  pliase.  Such  differential  ex- 
tinction could  result  from  tlie  ability  of  animals  with  long- 
distance larvae  to  colonize  new  areas  and  extend  their  range 
or  from  the  long-distance  dispersers  being  "generalists" 
capable  of  lix'ing  in  a greater  range  of  habitats  and  hence 
able  to  withstand  changing  conditions. 

A very  different  sort  of  advantage  from  dispersal  em- 
phasizes the  spread  of  siblings  relative  to  each  other  and 
selection  among  individuals  within  a population 
(Strathmann,  1974).  When  the  favorability  of  areas  varies 


indeponderitly  or  inversely  so  that  one  year,  ;iie  place  :s 
better  and  another  year,  another  pi. ice  is  better,  then 
parents  spreadinq  their  offsprinq  over  all  suen  areas  uain 
an  advanc.age  over  several  venerations.  rh.is  .advantage  aris- 
es because  averaging  variations  over  space  results  in  a 
more  even  success  over  tl.:ne.  The  lispersers  can  -lain  a 
relatively  greater  .aiuit  ipl  ication  over  generations  than  that 
jDtained  by  animals  .vith  .more  limited  dispersal,  even  when 
the  dispersers'  mean  succe.ss  oer  generation  is  less.  This 
hypothesis  implies  t.ia’-  ;h.  -dvantaqes  of  dispersal  .aught 
oe  felt  c /er  snorter  periods.  other  factors  than  longer 
pelagic  period  can  ennance  spread  of  offsprinq  relative  to 
each  other.  Variation  i.n  length  of  oelagic  life,  variation 
-n  vertical  pcsition,  and  spreail  in  times  ,af  larval  release 
ail  ennance  spread  of  sibi-ings  . Strat.amann , 1974)  sc  tnat 
interpretations  of  spawning,  ievelcpment  rates,  and  swimming 
oehavior  are  somewhat  altered  under  t.his  hypothesis.  This 
^'.ypethosis  also  implies  that  altering  .natural  patter.ns  cf 
spatial  and  temporal  variat..cn  icuLd  o.nange  the  representa- 
tion of  many  species  .n  renthic  acmmunities  over  several 
:er.eraticns . It  snculd  be  noted  that  these  twe  .nypetheses 
ic  net  e.xhaust  the  possible  advantages  .of  large  scale  dis- 
persal and  are  not  .mutually  exclusive.  testing  t.nese  hypo- 
theses is  difficult  out  .not  impossible.  Di f ferent:.ai  e.x- 
t_ncticn  of  species  cannot  oe  ccserved  directi-y  but  .mig.nt 
s.imeday  be  i.nferred  from  tne  fossil  record.  Larvae  of  bi- 
•'ilves  and  ./ascrepeds  ran  be  preserved  as  fcssils,  octh  as 
.art  cf  the  shells  cf  well  preserved  adults  Shuts,  1974) 
ind  as  larvae  before  metamcrpnosis  ,Jung,  1975;  LaBaroera, 
19'‘4).  In  many  mcllusks,  i.nferences  accut  length  of  oelaqic 
period  tan  oe  drawn  from  t.ne  size  and  form  of  t.ne  l.arvaa. 
s.nells  Cc.teiman,  *965;  Shutc , 19~4;  Thersen,  1946..  The 
second  hypothesis  might  be  tested  .more  directly  ly  .monitor i.ng 
•ariations  i.n  survival  and  reproduction  over  large  areas  "cr 
.many  years  in  favcraole  situations  with  favcracie  animals. 
Less  direct  approac.nes  oa.n  strengthen  the  rase  fer  acceptinc 
or  rejecting  these  and  otner  hypotheses  on  the  adaptive 
advantage  of  disperse 

In  many  species  ihe  large  scale  dispersa...  resulting 
from  a *cng  pelagic  period  may  be  of  .nc  advantage  out  rather 
in  accidental  result  .of  a pattern  of  ievelcpment  favored  for 
other  reasons.  Vance  1973'  .offers  a model  -of  planktctrcony 
and  lecithctrcpny  in  wnich  dispersal  is  ignored.  In  this 
mociel  there  are  conditions  of  feed  supply  ind  .mortality 
rates  *n  the  larval  phase  under  vhich  either  axtreme  pLan'x- 
totrephy  or  extreme  lecit.hotrcphy  is  favored  and  i.nterme- 
iiate  'strategies'  are  at  a disadvantage.  Though  seme  assump- 
tions of  this  model  are  not  realistic,  its  general  form  and 
ocnclusicns  are  of  interest.  .'lany  hclcplanxtonic  cepepods 
-o.xhibit  feeding  Larval  stages  similar  to  these  of  barnacles, 
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and  it  is  not  necessary  to  iiivoke  an  advantaqr  f rorii  dispe*'- 
sal  to  accouiU  for  such  larvai  stayi.’S  ir.  cope[jods . Some 
benthic  invo»'teh' rates  v.’ith  feedinq  larvae  anc  rather  lone 
larvai  periods  have  demersai  larvae  and  presumably  restrict- 
ed dispersal.  (See  Miieikovsky,  iy7l,  for  revievk.' 

Larval  dispersal  is  not  easily  o.nst'rved.  There  are- 
ooservations  indiciitinq  the  distances  larvae  can  move  from 
the  parental  population,  but  no  orn.  hat  aeterminod  the  dis- 
tance larvae  move  from  their  parents  or  their  siblinys.  /.I. 
three  kincs  of  disperst;..  a.rc  of  interest  because  eacii 
related  tc  a different  set  of  advantayes  an':  costs  and  dif- 
ferent practical  consequences.  Schie..ten[.j  (1971)  has  ■btaineu 
evidence  for  the  trans-Atlantic  transport  of  larvae  of  shal- 
low water  invertebrates  and  provided  an  estimate  of  the- 
fraction  successfully  completing  the  cros.siny.  Scheltema's 
observations  provide  a strong  coritrast  tt  Crisp's  (2956.  de- 
scription of  the  invasion  of  tnc-  Britisli  Isles  b\-  the;  oar- 
naclc;  E ' t-;i  t:  rnodestuB.  Cris;  found  that  30  ki...ometers  of 

deep  water  was  a moderately  effective  barrier.  Crisp  also 
notea  an  extension  of  range  of  about  2(  to  30  kn.  per  year  it 
the  absence  of  strong  favoring  currents.  Thi.s  ratt,  of  spree., 
depends  on  the  generation  time  and  frequency  of  reproductior. 
of  the  barnacles  as  well  as  the  dispersaii.  of  the  larvae,  b'Ut 
gives  some  idea  of  the  rate  of  spread  of  an  animal ' s descen- 
aents  through  a population  when  there  is  a pelagic  stage  of 
several  weeks.  Most  other  observations  of  dispersa^  areals' 
oased  on  offshore  transport  of  larvae:  or  extension  of  ranges 
of  adult  distribution. 

Studies  of  eddy  diffusion  indicate  expected  rates  of 
spread  of  larvae  relativ'e  to  their  siblings,  and  studies  of 
currents  indicate  expected  transport  away  from  parents,  but 
vertical  swimming  can  make  a great  difference  ir.  disperse^. 

The  importance  of  vertical  position  has  Deer,  particularly  ' 

emphasized  in  studies  of  estuarine  invertebrates  (Bousfield,  , 

1955;  Haskin,  1964:  Hughes,  1972;  Vv’ooc  and  Hargis,  1971  . 

Both  spread  of  siblings  and  position  of  all  larvae  in  tne  | 

estuary  are  determined  by  the  movement  of  larv'ae  into  surface.  i 

outflow,  into  more  saline  bottom  water,  or  onto  the  botton 

Itself.  It  should  be  noted,  however,  that  Banse  21964 • found  ( 

larvae  to  De  bound  to  water  layers  in  an  area  of  stratified  j 

water  and  suggested  that  these  larvae  may  have  continued  life 
in  tne  water  in  which  they  were  first  releasee.  Variation  in 
swimming  within  populations  has  been  described  by  Doyle  ' 

(1974.  and  George  il967).  George  inferred  tnat  differences 
wifhin  a brood  in  the  behavior  of  larvae  of  a cirratuiid 
polychaete  were  genetically  determined.  Doyle  was  able  to 
employ  breeding  experiments  on  Spirorbis  borealis  tc  demon- 
strate heritability  of  differences  ir.  larval  response  tc 
light. 

When  offspring  travel  far  from  their  parents  they  can 
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bo  subject  to  quite  different  selective  pressures  from  those 
affectinq  their  parents.  This  can  affect  interspecific 
interactions  :ind,  iience,  the  structure  of  benthic  conununities. 
"Finely  tuned"  coadaptive  mechanisms  can  arise  when  members 
of  different  species  interact  over  many  generations.  In 
some  species  with  a long  peliigic  larval  phase,  the  off- 
spring settle  in  communities  quite  different  from  the 
parents’.  An  extreme  example  is  provided  by  those  inverte- 
brates which  settle  and  survive  in  waters  too  cold  for  their 
successful  reproduction.  (See  Williamson's,  1967,  review 
of  a decapod  crustacean  in  northwest  Europe.)  These  indivi- 
duals are  as  good  as  dead  in  an  evolutionary  sense.  Mem- 
bers of  other  species  may  evolve  better  means  of  coping  witlr 
these  animals,  but  there  can  be  no  co-evolution  in  the  non- 
reproducing populations. 

Fecundity  and  longevity  of  adults  may  also  be  related 
to  the  type  of  development.  A mode  of  larval  development 
which  resulted  in  frequently  poor  recruitment  over  large 
areas  would  require  an  adult  phase  with  long  life  and  re- 
peated reproduction.  Size  of  adults  may  also  place  con- 
straints on  type  of  larval  development.  Chia  (1970,  1971) 
maintains  that  invertebrates  with  feeding  larvae  devote  more 
energy  to  reproduction  than  invertebrates  with  lecitho- 
trophic  development  and  that  some  species  can  persist  only 
with  Lecithotrophic  development  because  of  limited  energy  or 
material  which  can  be  devoted  to  reproduction . Menge  (1975) 
argues  that  some  species  are  smaj 1 because  they  are  adapted 
for  coexistence  with  larger  dominant  competitors  and  that 
small  size  limits  the  material  which  can  be  devoted  to  re- 
production ; th«'se  species  must  increase  their  efficiency 
of  reproduction  by  brooding  their  offspring  and  forgo  larval 
dispersal.  Both  authors  present  supporting  data  from  a 
limited  number  of  species.  There  appear  to  be  awkward  im- 
plications in  both  these  arguments.  If  brooding  or  lecitho- 
trophy  offers  a more  reliable  and  higher  return  of  juve- 
niles, shouldn't  all  the  species  in  these  studies  adopt  such 
a mode  of  reproduction?  Menge  suggests  that  pelagic  larvae 
offer  a different  kind  of  advantage  related  to  the  greater 
dispersal,  but  he  does  not  say  what  kind  of  advantage  or 
mention  the  scale  of  time  over  which  it  would  be  manifested. 
If  the  enhanced  dispersal  offers  an  advantage  over  a short 
period  of  several  years,  as  could  occur  with  spread  of 
siblings  when  favorability  of  habitats  varies  independently 
or  inversely  (Strathmann,  1974),  then  the  advantage  is 
likely  to  involve  survival  and  reproduction  of  offspring  at 
least  equal  to  those  animals  with  more  limited  dispersal. 
Longer  life  may  be  required  of  such  a disperser  but  not  a 
greater  annual  reproductive  output.  We  do  not  see  this 
approximately  equal  efficiency  of  return  because  our  studies 
are  limited  to  a few  locations  and  only  a few  generations. 
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It  such  short  tern  benefits  aie  the  principal  advantage  of 
larval  dispersal,  then  v/hy  cannot  the  smaller  species  (or  in 
Chia's  argument,  the  energy  limited  species)  be  equally 
capable  of  partaking  of  this  advantage,  for  the  recruitment 
will  be  as  great  when  a sufficiently  large  geographic  scale 
or  perioil  of  time  is  considered.  If  the  enhanced  disfiersal 
offers  an  advantage  only  over  long  periods,  as  would  be  the 
case  with  differential  extinction  of  populations  or  species, 
then  species  forced  into  brooding  or  lecithotrophy  are 
temporarily  avoiding  an  extinction  which  will  occur  later 
unless  conditions  change.  Trends  in  adult  size  and  brooding 
would  be  more  satisfactorily  explained  by  demonstrating 
that  brooding  becomes  more  difficult  or  costly  relative  to 
pelagic  development  with  greater  adult  size.  M.  Strathmann 
(personal  communication)  has  suggested  that  if  fecundity 
is  volume  dependent  and  brooding  capacity  more  dependent 
on  area,  larger  animals  can  brood  a smaller  fraction  of 
what  they  could  produce.  Both  Chia  and  Menge  have  pre- 
sented intriguing  data  and  interpretations,  but  more 
extensive  observations  and  discussion  of  the  subject  is 
badly  needed. 

Another  possible  influence  of  benthic  conditions  on 
pelagic  period  and  type  of  development  arises  from  the 
influence  of  adult  condition  on  larval  viability  or  rate 
of  development.  Bayne  (1972),  Bayne,  et  aL.,  (1975),  and 
Helm,  et  al.  , (1973)  found  that  nutritive  stress  in  adult 

bivalves  resulted  in  decreased  viability  of  offspring  in 
the  pelagic  phase.  Bayne,  et  al.  , studied  e iuli.i; 

Helm,  et  al.  , Ostrea  eJulifi.  Helm,  et  al.  , found  that 
growth  rate  in  the  first  96  hours  after  liberation  of  lar- 
vae was  also  affected,  with  growth  rate  related  to  lipid 
reserves  in  the  larvae.  Bayne,  et  al.  , did  not  find  a 
significant  relation  between  growth  and  lipid  reserves  in 
the  larvae  and  did  not  find  such  a strong  relation  between 
growth  rate  of  feeding  larvae  and  nutritive  stress  in  the 
adults.  It  is  not  yet  clear  whether  effects  such  as  these 
are  important  in  nature  and  whether  the  effects  vary  witn 
type  of  larval  development.  Food  supply  of  adults  can  vary 
I with  crowding  or  location,  and  comparative  observations  of 

; larvae  reared  from  adults  from  differing  locations  could 

[ clarify  this  link  between  conditions  in  the  benthos  and 

[ success  in  the  plankton. 


FLEXIBILITY 

The  occurrence  of  brooding  or  pelagic  development, 
feeding  or  non-feeding  larvae  in  a species  may  have 
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import. int  adaptive  consequences  for  ali  species  of  benthic 
invertebrates,  bvit  some  taxa  may  possess  more  flexibility 
tiian  otliers  in  shifting  from  one  pattern  of  development  to 
anotlier . Hadfieli.i  (1972)  has  noted  two  instances  of  flexi- 
biitty  iri  stiifting  from  a comj:)letel y non-pc; lay ic  to  a pela- 
qic  larval  aevelopment,  boti.  among  gastropods.  Gastropods 
often  retain  tne  velum  and  velar  cilia  of  pelagic  larvae 
even  wneri  veli.jer  larvae  are  retained  in  egg  capsules  and 
ina,  t.hereiiy  retain  greater  flexibility  in  evolving  from 
non-peia-.Tic  tc  pelagic  development.  Numbers  of  nurse  eggs 
can  vary  areatiy,  and  spionid  polyciiaetes  and  gastropods 
emplo\’inq  nurse  eggs  may  possess  flexibility  in  the  larval 
pt'.ase,  snift^nc  to  or  away  from  a pelagic  development.  In 
contrast,  a(,.l  out  a few  eciiinoderms  with  brooded  or  non- 
feedincr  pelagic  larvae  have  completely  lost  the  structures 
needed  for  larval  feeding.  In  tills  phylum,  once  a feeding 
lar.'al  stage  is  lost  it  is  not  regained.  This  inflexibility 
could  lead  tc  relatively  maladapted  life  histories  in  some 
taxa  ( Stratnn-.ann  1975).  In  searching  for  patterns  of  lar- 
va^ adaptation,  one  should  avoid  taxa  in  which  such  acci- 
aents  of  nistory  and  ancestry  are  likely. 


CUING,  SETTLING,  AND  BENTHIC  SUCCESS 

Pelagic  larvae  of  sedentary  invertebrates  mu.st  select 
the  spot  ir.  wnicn  they  take  up  benthic  life.  Tlieir  subse- 
quent survivaj  and  reproductive  success  depends  on  their 
ability  to  predict  the  favorability  of  a spot  from  the 
limited  cues  available  to  them.  Crisp  (1974)  has  recently 
reviewed  the  sorts  of  cues  used  by  larvae.  Larvae  in  all 
ma;]or  taxa  can  delay  settling  in  tlie  absence  of  a suitable 
substr.atuiT; . Many  larvae  become  less  specific  in  their 
choice  of  substrum  as  the  period  of  delay  increases.  This 
mav  represent  a balance  between  the  risks  of  continued 
peiaaic  life  while  awaiting  a better  spot  and  the  risks 
associated  w.^th  less  favored  substrata  (Doyle,  1975;. 

Tne  aclequac'.  of  tiie  cues  used  by  larvae  can  be  e.xamined 
by  following  tneir  subsequent  survival  and  reproduction. 

For  example,  cyprids  of  Balartua  ba  zn-.'iat  prefer  to 
settle  in  pits  or  cracks  (Crisp  and  Barnes,  1954)  and 
survival  is  better  in  such  locations  than  on  convex  sur- 
faces (Connell,  1961).  Stebbing  (1972)  found  that  bryozoan 
and  serpuiid  larvae  settle  preferentially  on  the  younger 
parts  of  Luriinaria  fronds  and  suggested,  f irst,  tliat  since  the 
younger  parts  last  longer,  tlic  possible  length  of  life  of 
the  animals  is  increased  and, second,  that  their  choice  could 
reduce  crowding.  These  examples  indicate  an  ability  to 
make  fine  distinctions  in  detecting  cues  to  favorable  sub- 
strata . 


Lack  of  specificity  in  larval  settlement  can  also  Le 
adaptive.  Hurley  1197  3)  found  tliat  larvae  of  ISuianuts 

settle  readily  or.  a great  variety  of  substrata,  in 
contrast  to  the  greater  specificity  found  in  ralariuc 
l.i  by  Parnes,  Crisp,  Knight-Jones  and  others. 

Hurley  also  found  tliat  B.iLctnuc  patji*'icua  is  an  opportunistic 
species  with  fast  growth  and  early  reproduction  and  its 
persistence  may  depend  on  its  temporary  colonitinn  tf  oow 
substrata  net  /et  colonized  by  other  animals. 

in ^1  asyi_->.  . /ariation  in  preference  for  substrata  is 
also  oeing  examined  and  reveals  complexity  in  optimal  cuing. 
Knight- Jones  , a c r;.'.,  11971)  found  different  preferences  in 
larvae  from  different  areas.  The  larvae  of  ire  I'bi  a 
j'yfeaiir,  settled  preferentially  on  r’u  :uc  veiHuA  iouii;  or 
~-iC-us  j errat  us  dependi.ng  on  the  favorability  and  aoundance 
of  tne  algal  species  in  each  area.  The  difference  in  pre- 
ference is  probably  genetic.  Doyle  (1975)  has  provided  a 
model  in  which  the  advantage  of  varied  substratum  prefer- 
ences depends  on  the  risks  of  delaying  metamorphosis,  tne 
probability  of  encountering  and  surviving  on  eacn  type  of 
suDStratum,  and  the  spatiai  distribution  of  mi.xtures  of  the 
types  of  substrata.  His  preliminary  ooservations  -n 
c.hoice  of  algal  substratum  by  ovi  rb  L s bore'-:  ’ ' s are  con- 
sistent with  his  model.  Jpirovb is  has  a short  peiaaic 
t . period.  Local  differences  in  preferences  for  sucstrata  are 

less  likely  when  dispersal  is  greater. 

Within  a population,  some  genotypes  survive  better  .n 
one  habitat,  otners  in  another.  If  each  ty/pe  settled  pre- 
I ferentially  in  the  nabitat  for  which  it  is  rest  suited,  tne 

selective  deaths  increasing  the  cost  of  dispersal  would  be 
minimized.  This  might  be  accomplish.ed  by  appropriate  linx- 
iges  of  genes,  but  this  lias  not  been  demonstrated  to  occur. 
Strunsaker  1968)  examined  a polymorphism  in  i 

V ' ‘Ca  in  whicn  the  frequency  of  rough- she  lied  *ndivxduals 
and  smooth- shelled  individuals  varied  with  the  lype  of  snore 
and  wave  force.  Larval  rearing  showed  that  the  differences 
in  shell  type  were  inherited.  At  a given  location,  very 
young  snails  exhibited  greater  variation  in  inell  type  than 
older  snails.  It  thus  appears  that  larvae  of  beta  types 
settled  on  both  types  of  shore  and  selective  deaths  pro- 
duced the  observed  distribution.  It  is  likely  that  in  t.nis 
population  selective  deaths  impose  a higher  cost  on  dis- 
, persal  because  the  different  morphs  do  not  preferentially 

‘ settle  on  the  substratum  best  suited  for  t.hem. 

' Poor  choices  by  lar'/ae  can  be  either  tlie  result  of  in- 

ability to  detect  relevent  cues  or  the  absence  of  relevant 
cues.  Hayward  and  Harvey  il97  4)  .note  that  the  bry/ozcan 
Ma'ji.mLdium  settles  preferentially  in  the  grooves  ;n  .■  < -us 
s-'y;‘  : ‘ A.- , wiiich  appears  to  be  a favorable  area,  but  also 
settles  in  necrotic  depressions  on  tlie  flat  part  of  the 
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blade,  wliich  enlarge  so  that  bryozoans  settling  there  are 
lost.  A response  that  is  usually  adaptive  for  the  bryozoans 
is  unadaptive  in  this  instance. 

l^alanun  .jlanduLa  may  provide  an  example  of  difficulties 
of  cuing  on  a larger  geographic  scale.  Connell  (1970)  found 
that  B.  jlandiiLa  on  rocky  shores  in  the  San  Juan  Islands 
settle  in  both  the  upper  and  middle  intertidal,  but  survive 
to  reproduction  only  in  the  upper  intertidal.  Tiie  same  is 
true  on  rocky  shores  of  the  open  coast  of  Washington.  The 
barnacles'  difficulty  in  cuing  for  the  appropriate  inter- 
tidal range  may  arise  from  the  different  pattern  of  success 
on  j"ocks  surrounded  by  sand  or  mud  or  rocky  shores  on  pro- 
tected bays,  as  in  Puget  Sound.  In  these  areas  many  B. 
jLanduL,-!  survive  to  reproduce  in  the  middle  and  lower  inter- 
tidal. Exchange  of  larvae  between  these  types  of  areas  may 
prevent  the  evolution  of  more  precise  cuing  to  the  upper 
zone  of  exposed  rocky  shores.  Man-made  structures  have 
increased  the  extent  of  favorable  low  intertidal  habitat  and 
may  even  have  changed  the  optimum  specificity  of  cuing  in 
this  species. 

Tliere  is  little  direct  evidence  that  larval  preferences 
for  types  of  substratum  result  in  selection  of  the  more 
favored  substratum  when  each  type  covers  a large  area. 

Muus's  (1973)  study  of  infaunal  bivalves  comes  closest. 

The  water  carrying  the  larvae  passed  over  both  areas  sampled, 
but  very  young  juveniles  of  several  species  were  abundant 
in  only  one  area  or  the  other;  so  unless  there  were  extreme 
differences  in  early  mortality,  many  of  the  larvae  rejected 
one  area  to  settle  in  the  next  encountered. 


CONCLUSION 

This  review  has  considered  the  adaptive  significance  of 
pelagic  larvae  in  terms  of  relationships  between  different 
parts  of  complex  life  cycles  and  between  types  of  larval 
development  and  the  pelagic  environment.  There  are  clearly 
many  hypotheses  for  the  adaptive  significance  of  these  life 
cycles  and  a shortage  of  quantitative  comparative  studies 
designed  to  test  these  hypotheses.  The  patterns  of  larval 
dispersal  and  variations  in  the  benthos  favoring  such  dis- 
persal are  particularly  difficult  to  observe  and  present 
the  greatest  obstacles  to  understanding  these  life  cycles. 
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STUDIES  ON  THE  BEHAVIOR  AND  PHYSIOLOGY  OF  RESPONSES 
TO  LIGHT  AND  GRAVITY  BY  LARVAL  CRUSTACEANS 

Richard  B . Forward 
Duke  University  Marine  Laboratory 
Beaufort,  North  Carolina  28516 


Behavioral  responses  to  light  and  gravity  by  free- 
swinuning  larvae  of  benthic  crustaceans  throughout  develop- 
ment are  currently  being  investigated.  Species  which  occur 
throughout  the  estuaries  and  coastal  areas  are  studied  for 
comparative  purposes,  but  the  primary  experimental  animal  is 
the  crab  if  Fa-  ■ . Due  to  their  small  size 

and  occasional  rapid  movements,  the  larvae's  behavior  is 
monitored  by  a microscope-closed  circuit  television  system. 

R.  haprisii  zoeae  respond  to  both  directional  light 
(photota.xis)  , and  to  polarized  light  (polarotaxis ) . Like 
most  crustacean  larvae  found  in  coastal  areas,  the  primary 
spectral  sc'sitivity  maximum  occurs  in  the  green  region. 

The  sign  of  phototaxis  at  different  light  intensities  is 
similar  at  all  zoeal  stages  and  for  light-adapted  larvae 
phototaxis  consists  of  a positive  response  to  higher  inten- 
sity which  becomes  negative  at  low  intensities.  The  nega- 
tive response  disappears  after  dark-adaptation . Based  upon 
these  phototactic  responses,  the  predicted  diurnal  vertical 
migration  pattern  for  such  larvae  is  a rise  during  the  day 
and  a descent  at  night.  Further  studies  of  behavioral  re- 
sponses upon  intensity  decreases  demonstrate  that  crab 
zoeae  have  a predator  avoidance  shadow  reflex  which  could 
function  in  nature  to  avoid  ctenophores.  The  avoidance 
pattern,  upon  an  intensity  decrease,  consists  of  a positive 
geotaxis,  involving  passive  sinking. 

Temperature  and  salinity  are  two  environmental  factors 
which  influence  the  vertical  distribution  of  zoeae  and 
thereby,  potentially  contribute  to  horizontal  movements  in 
water  currents  at  different  depths.  For  R.  ’iurr'aC:  larvae, 

sudden  exposure  ta  temperature  does  not  alter  phototaxis. 
Nevertheless,  high  temperatures  which  usually  occur  near  the 
surface  do  induce  a positive  geotaxis  and  thereby  can  be 
avoided.  Similarly,  low  salinities  which  usually  occur  near 
the  surface  also  would  be  avoided,  since  sudden  exposure 
induces  positive  geotaxis  and  negative  phototaxis.  Sudden 
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exposure  to  high  salinity  water  causes  no  change  in  photo- 
taxis, but  induces  an  ascent  due  to  a pronounced  negative 
geotaxis.  These  studies  serve  as  a moans  for  determining 
which  behaviors  and  environmental  factors  contribute  to 
vertical  movement  and  horizontal  transport  of  crustacean 
larvae . 


BIVALVE  LARVAE,  THEIR  BEHAVIOR, 

DISPERSAL  AND  IDENTIFICATION 

R.  D.  Turner 

Museum  of  Com[iurative  Zooloqy 
Harvard  University 
Cambridge,  Massachusetts  02138 

The  distribution,  ecology  and  population  dynamics  of 
a species  can  be  understood  fully  only  when  its  life  history 
is  known,  making  identification  of  all  stages  possible. 
Different  but  equally  important  selective  pressures  on  the 
larvae,  metamorphosing  young  and  adults  of  benthic  marine 
organisms  are  reflected  in  their  reproductive  success  and 
distribution . 

Males  of  most  sessile  and  infaunal  marine  invertebrates 
release  sperm  into  the  sea,  though  a few  transfer  it  direct- 
ly as  in  the  teredinid  genus  Hank  i a and  the  barnacles, 
Balanus.  A unique  adaptation  to  insure  fertilization  is 
seen  in  Puiloteredo  wcyatunu,  a species  found  in  floating 
wood.  The  male  extrudes  a large  diaphanous  sperm  sac  which 
is  taken  in  by  the  female's  extended  'searching'  incurrent 
siphon.  Protection  of  the  young  varies  but  brooding  species 
are  always  the  smallest  in  the  family. 

Much  has  been  written  on  the  types  of  invertebrate 
larvae  (planktotrophic , lecithotrophic,  non-pelagic  and 
demersal) , their  adaptive  value  and  their  importance  in 
genetic  exchange  and  in  the  dispersal  of  the  species.  Among 
molluscs,  gastropod  larvae  have  received  particular  atten- 
tion probably  because  they  are  relatively  easy  to  identify. 
Bivalves  constitute  a major  component  of  the  larvae  of 
benthic  marine  organisms  taken  in  plankton  tows  but  they 
usually  are  not  identified  or  at  best  only  to  family  or 
genus,  mainly  because  they  have  few  identifying  characters. 
Unlike  the  larval  shells  of  gastropods,  which  are  often 
visible  at  the  apex  of  the  young  adults,  the  prodisoconchs 
of  bivalves  are  soon  buried  in  the  umbos  of  the  growing 
young.  Consequently  even  young  spat  in  museum  collections 
are  of  little  help  in  identification. 

There  are  two  ways  of  studying  and  identifying  bivalve 
larvae:  (1)  collect  them  from  the  plankton  and  rear  them 

individually  to  an  identifiable  stage,  (2)  spawn  known 
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adults  and  rear  larvae  in  mass  cultures  to  younq  adults. 
Kither  way  the  various  staqos  should  be  documented  contin- 
uously by  careful  measurements  and  photoqraplis  of  botli  1 i v- 
inq  and  preserved  larvae.  We  have  used  both  metliods  and 
found  that  larvae  are  often  more  easily  identified  by  their 
swimminq  and  crawl  inq  behavior  tlian  by  their  shells.  Ob- 
servations of  the  valves  usinq  SEM  show  that  closely  relat- 
ed species  have  distinctive  sculptural  and  hinqe  characters 
not  visible  with  the  liqht  microscope.  Larval  characters 
such  as  the  ventral  tooth  and  socket  present  in  the  pedi- 
veliger  stage  of  .L'l-;'..  and  Mi."--.-';  may  point  to  unsus- 
pected phylogenetic  relationships.  Measurements  of  the 
valves  of  4 large  populations  of  M:r:--.-'  ; larvae 

from  4 different  female  parents  (all  cultures  were  ferti- 
lized by  the  same  male)  differed  up  to  28  u in  mean  shell 
length  and  showed  that  the  size  of  the  pediveligers  varies 
considerably.  Since  size  is  typically  used  to  distinguish 
species  of  bivalve  larvae  it  is  important  that  shell  size 
data  be  based  on  multiple  roarings  from  different  parents. 

Observations  of  living  larvae  suggest  that  (1)  plankto- 
trophic  larvae  living  in  rich  inshore  waters  have  propor- 
tionately smaller  velar  lobes  t.han  those  adapted  for  living 
in  plankton  poor  oceanic  waters,  (2)  larvae  of  brooders  have 
shorter  apical  flagella  than  oviparous  species  and  (3)  when 
bivalve  larvae  first  begin  to  swim  they  are  temperature 
sensitive  and  select  tlieir  optimum  temperature  in  the 
water  column.  This  may  function  to  keep  them  in  areas  of 
maximum  food  and  to  hold  demersal  larvae  near  the  bottom. 

Larviparous  species  or  those  with  egg  capsule  develop- 
ment have  a more  restricted  range  than  their  planktotrophic 
cousins  unless  they  have  other  means  of  dispersal,  e.g. 
floating  wood,  ships  or  pumice.  Adults  of  the  latter  group 
of  species,  including  many  wood  boring  and  fouling  organisms, 
generally  have  a wide  temperature  tolerance  and  the  ability 
to  retain  larvae  until  conditions  are  optimal  for  survival. 
The  young  of  these  species  emerge  in  the  settling  stage  and 
can  immediately  join  their  parents  on  or  in  the  same  sub- 
strate. Conversely  larvae  of  oviparous  fouling  species 
spawned  in  mid-ocean  must  spend  a month  or  more  in  the 
plankton  and  are  lost  at  sea  for  want  of  a substrate  at 
time  of  settlement. 

Most  models  of  reproductive  strategy  place  emphasis 
on  predation  of  the  larvae  in  the  plankton  but  we  find  that 
the  greatest  mortality  often  occurs  at  the  time  of  settle- 
ment. For  metamorphosing  invertebrates  this  is  a period  of 
great  anatomical  and  physiological  change.  Though  the 
ability  to  delay  metamorphosis,  if  the  proper  substrate  is 
not  available,  is  an  important  factor  in  the  survival  of 
many  larvae,  the  effect  of  false  'triggers'  such  as 
'gelbstoff  on  Teredo  navalUi  pediveligers  can  be 
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from  file  laboratory  anti  fi.  ld  observations  that  settlement 


devastat inq.  Once  metamorphosis  has  bequn  the  loss  of  lar- 
val orqans  and  the  development  of  now  ones  must  follow  in  a 
precise  seiiuonce.  Delay,  disruption  or  blockinq  of  any  step 
whether  it  be  pliysical  or  chemical  results  in  malformation 
or  death;  e.q.  tlio  presence  of  obtusaquinone  in  rosewood 
u:o.- i‘.jia)  does  not  prevent  the  settlement  of  teredinid 
pediveliqers  but  effectively  stops  further  metamorphosis 
and  penetration  of  the  wood  by  blockinq  the  enzyme  phono-  » 
loxidase  and  so  the  development  of  the  shell. 
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THE  SIGNIFICANCE  OF  PELAGIC  LARVAL  DEVELOPMENT 
TO  MARINE  FOULING  ORGANISMS 
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Woods  Hole  Oceanoqraphic  lastitution 
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INTRODUCTION 

Almost  all  marine  fouling  organisms  have  some  form  of 
free-living  larval  stage.  The  length  of  the  pelagic  stage 
differs  widely  among  various  invertebrate  species  from  a few 
hours,  as  occurs  among  serpulid  worms,  to  several  weeks, 
characteristic  for  barnacles,  or  even  six  months  to  a year 
for  some  tropical  species  (Scheltema,  1971b).  The  principal 
biological  significance  of  this  pelagic  larval  development 
to  marine  fouling  organisms  can  be  conveniently  summarized 
in  three  points.  First,  planktonic  larvae  maintain  the 
distribution  of  a species  and  also  present  the  constant 
possibility  of  enlarging  tlie  geographical  range  when  addi- 
tional habitat  becomes  available.  Second,  by  their  dis- 
persal larvae  implement  genetic  exchange  (or  so-called  gene 
flow)  between  populations  thereby  influencing  tlie  amount  of 
genetically  determined  geographic  variation  found  within 
species.  Third,  larvae  serve  in  habitat  selection,  that  is, 
they  determine  through  the  act  of  settlement  the  place 
where  the  adult  sessile  forms  will  become  permanently  at- 
tached; consequently,  larvae  may  influence  the  intra-  and 
inter-specific  associations  within  fouling  communities. 


LARVAL  DISPERSAL  AND  THE  GEOGRAPHIC  RANGE  OF  FOULING  SPECIES 

Compelling  evidence  that  pelagic  larvae  are  a means 
whereby  sedentary  invertebrate  organisms  can  be  dispersed 
along  coastlines  and  even  across  zoogeographic  barriers 
such  as  ocean  basins  comes  from  the  knowledge  that  larval 
stages  occur  regularly  within  all  temperate  and  tropical 
near-shore  waters,  over  continental  shelves,  in  shallow 
enclosed  seas,  and  within  the  major  oceanic  current  systems. 
Researcli  within  the  last  fifteen  years  by  Mileikovsky  (1966), 
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Robertson  (l‘>64),  and  Scheltema  (1964,  1968,  1971a,  1972) 

has  shown  that  certain  toloplanic  larvae,  that  i;;,  "lonu- 
distanco"  larvae  from  shoal-water  sedentary  organisms  of 
coastal  regions,  can  be  carried  over  thousands  of  krlomoters 
in  tlio  open  sea  and,  moreover,  that  species  having  such  widely 
dispersed  larvae  are  also  those  with  very  wiiJe  geotjraphica  1 
ranges.  E.xampies  of  teleplanic  larvae  described  in  the 
literature  are  mostly  of  species  from  benthic  conmiun i t les . 

There  are  also,  however,  larvae  of  fouling  organisms 
that  are  extensively  dispersed  in  the  open  sea,  for  exam- 
ple, the  cyphonautes  lai vae  of  encrusting  che i los tomous 
bryozoans  can  be  found  ttiroughout  the  Gulf  Stream  and 
Sargasso  Sea  (f’ig.  1).  T.hese  larvae,  altiiough  not  present- 
ly identified,  probably  belong  mostly  to  ■' 

f ;<i  Vi  .'a Busk,  a species  habitually  found  on 
wood  in  the  open  seas.  Other  kinds  of  larvae  belonging  to 
fouling  organisms  and  conunonly  found  in  the  open  ocean  are 
the  nauplii  and  cyprids  of  goose-neck  barnacles  belonging 
mostly  to  the  genus  Li.:  :s  and  (pig.  2).  Adult 

barnacles  of  both  these  genera  are  also  found  far  out  at 
sea  attached  to  drifting  objects.  Veliger  larvae  of  the 
wood-boring  Teredinidae  or  sliip'worms  occur  in  open  waters 
of  the  temperate  and  tropical  7\tlantic  Ocean  (Scheltema, 
1971c) , and  representatives  of  at  least  two  genera  can  be 
found . 

The  dispersal  of  fouling  organisms  by  means  of  pelagic 
larvae  may  be  augmented,  or  in  some  instances  entirely  re- 
placed, by  the  rafting  of  adults  on  floating  objects.  In- 
deed, it  is  only  among  fouling  organisms  that  rafting  is 
likely  to  be  a significant  mode  of  dispersal.  In  the  three 
examples  of  oceanic  larval  dispersal  just  given, 
bryozoa,  barnacles,  and  shipworms,  there  also  exists  the 
capability  of  long-distance  rafting.  Certain  species  of 
fouling  organisms  with  very  short  pelagic  larval  life  must 
surely  have  attained  their  wide  geographic  range  solely  by 
this  means;  the  shipworm  L'jrodus  pedi-jellatu.' , with  a one- 
day  larval  stage  and  a circumtropical  distribution,  is  an 
example  of  rafting  in  wood  (Turner,  1966).  Coelenterate 
hydroids  with  short  pelagic  stages  have  nonetiieless  very- 
wide  geographic  ranges,  evidently  the  result  of  long- 
distance rafting. 

Some  fouling  species  may  alternately  raft  as  adults  and 
disperse  by  means  of  plankton  larvae,  thereby  achieving 
transport  across  wide  reaches  of  open  sea  and  across  ocean 
basins.  Such  a phenomenon  may  be  conceived  as  "hopping" 
between  "mobile  islands".  However,  drifting  objects  are 
relatively  scarce  at  sea  and  the  likelihood  that  a larva 
encounters  such  a "raft"  is  very  small  indeed 
Scheltema,  1971c). 

To  summarize,  the  ultimate  distance  that  a species  may 
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Fig.  1.  Occurrence  in  the  Western  Atlantic  and  Sargasso  Sea 
of  cyphonautes  larvae  belonging  to  encrusting  chei lostomous 
bryozoans.  Most  of  the  larvae  are  probably  those  of 

: t-iberoulata  Busk  commonly  found  on  Ibavjasav.'r 
weed.  Large  filled  circles  are  locations  where  cyphonautes 
larvae  were  found  in  plankton  tows.  Small  open  circles  are 
locations  where  cyphonautes  were  absent. 


Fig.  2.  Distribution  of  barnacle  larvae  observed  in  the 
Morth  and  Equatorial  Atlantic  Ocean.  Larvae  cannot  be  iden- 
tified to  species  with  certainty  but  belong  mostly  to  the 
genus  ler  va  and  Concho de pria . 1 - Locations  where  larvae 
were  absent;  2 - locations  where  nauplius  larvae  occurred; 

3 - locations  where  cyprid  larvae  occurred;  4 - locations 
were  both  nauplius  and  cyprid  larvae  occurred.  Arrows 
indicate  surface  currents  that  suggest  routes  of  dispersal . 
Eastward  dispersal  along  the  equator  in  the  Equatorial 
Undercurrent  or  Lomonosov  Current  is  not  shown.  The  coastal 
origin  of  the  cyprid  larvae  in  the  mid-Equatorial  Atlantic 
is  .suggested  by  the  absence  of  earlier  nauplius  stage  larvae 


CYPHONAUTES  CIRRIPEDIA  LARVAE 
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Fiq.  3.  Distribution  of  bryozoan  and  barnacle  larvae  in  the 
North  Sea.  Nowhere  do  depths  exceed  200  meters  and  in  the 
area  of  the  Dogqer  Bank  depth  is  less  than  50  meters. 
However,  a deep  trouah  that  exceeds  shelf  depths  of  200 
meters  extends  from  within  the  Baltic  along  the  southern  end 
and  western  coast  of  Norway.  Each  circle  indicates  the 
occurrence  of  larvae.  .'irrows  show  possible  routes  of  dis- 
persal by  surface  currents.  (Modified  and  redrawn  from 
Rees , 1954  , p.  63  . ) 
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be  rafted  depends  upon  tlie  ability  of  the  tidult  to  survive 
while  afloat  at  sea.  On  the  other  tiand,  tlie  distance  that 
a teleplanic  larva  may  be  transported  is  directly  related 
to  the  velocity  of  ocean  currents  and  tiie  ability  of  the 
larva  to  delay  settlement.  Tills  latter  subject,  delay  of 
settlement,  has  been  considered  elsewliere  by  Scheltema 
(1967,  pp.  262-263)  and  by  Doyle  (1975). 

Dispersal  of  larvae  along  ttie  continental  shelves  and 
in  near-shore  waters  lias  been  observed  mostly  in  temperate 
and  boreal  seas.  Pelagic  larval  dovelo[jment  of  temperate 
species  is  ordinarily  from  two  to  six  weeks  (Thorson,  1961), 
but  even  in  such  a siiort  time,  a modest  current  of  only  0.5 
kilometers  per  iiour  can  disperse  a larva  a distance  of  150 
to  500  kilometers. 

Details  of  the  circulation  in  coastal  regions  is  always 
complex  and  seldom  will  a larva  be  carried  directly  between 
two  points.  Coastal  currents  may  vary  seasonally  in  both 
direction  and  velocity  and  these  changes  can  affect  the 
dispersal  of  larvae.  Charts  of  the  average  circulation  for 
each  month  of  tlie  year  over  the  North  American  continental 
shelf  between  the  St.  Lawrence  Estuary  and  southern  Florida 
show  striking  seasonal  changes  in  the  surface  currents 
between  spring  and  late  summer  (Bumpus,  1973).  In  the 
region  south  of  Cape  Hatteras  a complete  reversal  of  the 
coastal  surface  circulation  occurs  in  August,  resulting  in 
a strong  continuous  flow  south  from  Cape  Cod  all  the  way  to 
southern  Florida. 

The  consequences  of  this  temporal  change  in  circulation 
is  a seasonal  difference  in  the  direction  and  velocity  of 
larval  dispersal.  Therefore,  the  time  of  spawning  and  the 
location  of  a parent  population  are  relevant  facts  about  a 
species  which  must  be  known  to  understand  its  dispersal. 

Marked  differences  also  exist  in  the  direction  and  the 
velocity  of  currents  at  the  surface  and  those  just  off  the 
bottom  (Bumpus,  1973).  Over  the  continental  shelf  along  the 
American  seaboard  the  net  flow  along  the  bottom  Is  always 
toward  the  shore.  Hence  the  vertical  disposition  of  larvae 
in  this  region  is  important  in  determining  whether  they  will 
be  transported  out  to  sea  or  slioreward  to  the  coast.  Re- 
turns of  dr  f f t-bottles  and  bottom-drifters  sliow  tliat  t!ie 
likelihood  that  a larva  is  retained  in  the  coastal  circula- 
tion increases  from  tlie  edge  of  the  continental-shelf  shore- 
ward to  the  coast  and  also  is  higher  near  the  bottom  than  at 
the  sdrface.  .Should  the  older  larvae  of  species,  by  virtue 
of  their  behavior,  tend  to  descend  toward  the  sea  floor, 
then  the  net  transport  of  these  late  stages  must  be  toward 
the  coast.  Thorson  (1964)  has  shown  through  a review  of 
the  literature  that  a large  percentage  of  late  stage  larvae 
are  negatively  phototropic  and  consequently  will  indeed  be 
found  deep  in  the  vertical  water  column. 
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That  the  hyi.lroi,jr..ipliic  irieciian i siu  described  above  can 
rt,M  I Ly  act  to  retain  larvae  wit  hin  tiie  eontinental  slu'lf 
' lecjion  Ls  siujqested  in  a i^jual  i tat  i ve  way  by  the  very  common 

oeeurrence  of  invertebrate  l>.irvae  there  (N'ichoJs  and  Keney, 
Scheitema,  unpubiislied  d<ttaj.  Studies  in  otiier 
ic.jLons  cf  the  world  sliow  analocjous  hyelroqrapliic  meciianisms 
n.ant  retain  larvae  near  otlier  coastlines  (Knudsen,  1V60; 
Makarov,  14b9;  Scheltema,  unpublislied  data).  Althouqii  tlie 
di:qjersal  of  larvae  from  foulinq  crqanisms  iias  been  little 
studied  they  are  known  to  occur  commonly  in  coastal  regions. 

Kees  (1954)  has  plotted  the  distribution  of  Lryozoan 
and  barnacle  larvae  tiirouqhout  the  shallow  waters  of  ttie 
North  Sea.  By  superimposing  the  direction  of  tlie  surface 
currents,  it  is  seen  tliat  larvcie  can  easily  be  carried  along 
tire  entire  coastline  of  this  inland  sea. 

In  order  to  understand  the  dispersal  of  pelagic  larvae 
wii.hin  and  be'-veen  estuaries,  three  important  points  need 
be  .:cnsidorcd:  first,  the  number  of  larvae  flushed  out  of 

the  estuary;  those  larvae,  although  lost  to  the  parent  popu- 
[ lation,  may  help  to  extend  the  species  range  or  establish 

‘ gone-flow  with  neighboring  estuaries.  Second,  the  number  of 

larvae  retained  within  the  estuary;  these  larvae  upon  set- 
tlement will  irelp  to  maintain  the  endemic  population. 

Third,  the  number  of  larvae  entering  the  estuary  but  origi- 
nating from  some  other  region  outside.  Tliese  larvae  will 
introduce  new  genetic  variability  and  maintain  genetic 
continuity  with  distant  populations. 

The  loss  of  larvae  by  mortality  and  by  transport  out 
of  an  estuary  was  considered  by  Ketchum  (1954)  and  Ayers 
(1956).  By  combining  the  equations  for  flushing  of  an 
estuary  derived  by  Ketchum  with  the  usual  equation  for  mor- 
tality in  populations,  Ayers  demonstrated  that  in  a verti- 
cally homogeneous  estuary  with  a high  flushing  rate,  no 
possibility  exists  for  endemic  larvae  to  complete  develop- 
ment, and  all  settlement  within  tlie  estuary  must  come  from 
immigrant,  ready-to-settle  larvae  carried  in  with  the 
flooding  ride. 

The  retention  of  pelagic  larvae  has  been  studied  in  a 
number  of  coastal-plain  estuaries  wliere  there  is  a net  down- 
stream movement  of  less  saline  water  flowing  out  along  tlie 
surface  and  a nontidal  upstream  drift  of  denser,  more  sa- 
line water  moving  up  toward  the  head  of  the  estuary  along 
> the  bottom  (Pritchard,  1955).  Salt  balance  and  volume 

continuity  are  maintained  by  gradual  vertical  mixing  from 
the  bottom  to  the  surface  stratum  (Pritchard,  1952).  The 
retention  of  barnacle  larvae  in  a coastal-plain  estuary  was 
shown  by  Bousfield  (1955)  in  the  Miramichi  in  Canada. 
Plankton  tows  revealed  tliat  each  successive  naupiius  stage 
lived  deeper  in  the  water  column  than  its  preceding  instar. 
Consequently,  whereas  the  early  nauplii  were  transported 


toward  the  mouth,  the  later  ata<je.s,  beiruj  below  the  level  of 
ao  net  motion,  were  dispersed  upstream  toward  the  head  of 
the  estuary.  By  the  time  that  settlement  became  imminent 
most  of  the  cyprids  iiad  been  returned  near  the  point  of 
their  parent  populations.  Tlie  retention  of  oyster  larvae 
in  the  James  River  estuary  was  shown  to  result  from  a sim- 
ilar hydrographic  mechanism,  but  compl ica ted,  according  to 
Wood  and  Hargis  (1971),  by  the  fact  that  the  veligers  came 
off  the  bottom  only  during  the  floodinn  tide,  thereby  in- 
creasing the  rate  of  tlieir  net  upstream  dispersal. 

Because  tiiere  is  not  yet  a way  to  distinguisli  endemic 
from  immigrant  larvae,  the  introduction  of  new  individuals 
from  foreign  origins  has  not  yet  been  studied.  Larvae 
near  the  bottom  along  the  continental  shelf  of  tlie  eastern 
Atlantic  seaboard  will  tend  to  be  swept  toward  the  coast  and 
into  the  mouths  of  estuaries.  From  a knowledge  of  the  abun- 
dance of  larvae  outside  an  estuary  and  from  sea-bottom 
drifter  data  on  the  direction,  rate  and  probability  of 
shoreward  drift,  it  is  possible  to  approximate  roughly  the 
number  of  pelagic  forms  that  should  return  shoreward  or  be 
entrained  into  estuaries.  But  the  initial  origin  of  such 
larvae  will  be  unknown. 

In  order  to  understand  the  dispersal  of  larvae  within 
an  estuary  system,  the  loss,  retention,  and  entrainment  of 
larvae  need  to  be  all  considered  simultaneously.  This  has 
not  been  done  in  any  estuary. 

In  summary,  all  evidence  indicates  that  larvae  can 
effectively  both  maintain  and  extend  species  ranges.  The 
importance  of  the  larval  dispersal  on  genetic  exchange  be- 
tween populations  will  briefly  be  discussed  in  the  following 
section . 


THE  RELATIONSHIP  OP  LARVAL  DISPERSAL  TO  GENETICALLY- 
DETERMINED  GEOGRAPHICAL  VARIATION  IN  FOULING  ORGANISMS 

Until  very  recently,  remarkably  little  study  has  been 
devoted  to  those  factors  which  contribute  to  the  geographi- 
cal similarity  and  differences  between  marine  invertebrate 
populations.  Patterns  of  geographical  variation  may  be 
disjunct,  that  is,  with  distinct  differences  between  each 
spatially  separated  population,  or  they  may  be  clinal  show- 
ing gradients  of  change  from  one  population  to  the  next. 
Moreover,  not  all  characteristics  within  a single  species 
need  vary  geographically  in  a similar  way,  for  example, 
certain  attributes  may  show  discrete  differences  between 
one  population  and  the  next,  whereas  others  may  be  clinal 
or  show  no  geographic  variation  at  all. 

Geographic  variations  between  populations  can  be  of 
two  kinds:  first,  noninheritable  adaptations  resulting  from 
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ecophenotypic  responses  of  individuals  within  each  popula- 
tion to  the  local  environments  (e.g.,  morphological  adapta- 
tions and  ptiysiological  acclimation,  oide,  Mayr,  1963,  p. 
140,  Table  7-1).  Since  sucli  variations  do  not  directly 
affect  succeeding  generations,  they  need  not  be  considered 
iiere.  Second,  genetically  determined  adaptations  which  are 
inherited  from  one  generation  to  the  next,  and  which  accord- 
ing to  contemporary  theory  will  reflect  (a)  differences  in 
the  kind  and  intensity  of  natural  selection  that  have  oc- 
curred within  each  population, and  (b)  the  effect  of  gene- 
flow  that  has  taken  place  between  the  spatially  separated 
populations.  (In  small  or  peripheral  populations,  genetic 
differences  are  said  sometimes  to  result  from  "genetic 
drift"  or  the  "founder  effect".) 

Selection  in  a stable  and  homogeneous  environment  is 
believed  to  reduce  genetically  determined  variability,  but 
there  are  other  mechanisms  known  that  tend  to  counteract 
this  tendency  (e.g.,  pleiotrophy,  the  capacity  of  a gene 
to  affect  several  characters  at  once,  and  epistasis,  the 
interaction  between  non-allelic  genes) . New  genetically 
determined  variation  in  a population  can  arise  from  only 
two  different  sources.  First,  it  can  originate  from  spon- 
taneous natural  gene  mutations.  Second,  and  probably  more 
commonly,  it  may  be  introduced  by  gene-flow  or  the  exchange 
of  genetic  information  between  populations  by  means  of  pela- 
gic larval  dispersal.  However,  even  when  gene-flow  by  means 
of  larvae  is  readily  possible,  genetic  differences  between 
populations  may  be  nevertheless  maintained  as  the  result  of 
local  differences  in  the  post-larval  genotype  favored  by 
selection.  There  are  a number  of  studies  in  which  natural 
selection  has  been  demonstrated  to  operate  within  a single 
generation  in  a remarkable  way  even  though  the  species  have 
moderately  long  pelagic  developments  of  several  weeks 
(Struhsaker,  1968;  Koehn  and  Mitton,  1972;  Levinton,  1973; 
Boyer,  1974).  These  studies  (predominantly  using  electro- 
phoretic techniques)  suggest  that  natural  selection  was 
largely  attributable  to  physical  aspects  of  the  environment. 

The  lack  of  genetically  determined  geographic  variation 
is  usually  believed  to  indicate  an  unrestricted  gene-flow 
throughout  the  species  range.  The  seemingly  remarkable 
similarity  in  gene-frequency  between  populations  of  the  gas- 
tropod Nassarius  obsole  tus  over  a large  portion  of  its 
range  that  was  found  by  Gooch,  et  al . , (1972)  was  attributed 

by  them  to  gene  flow  as  a result  of  the  dispersal  of  pelagic 
larvae . 

Snyder  and  Gooch  (1973)  compared  two  species  of  inter- 
tidal gastropods  {Nassarius  obsoletus  and  Littorina 
saxatilia)  and  concluded  that  there  exists  "a  strong  corre- 
lation between  population  differentiation  and  dispersal 
ability".  In  a study  of  three  species  of  Littorina,  Berger 
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(1973)  came  essentially  to  t)ie  same  conclusion.  Populations 
of  Littoi'ii'u  I L t- 1 V'  , liavinq  a pelaqic  larval  development, 
were  qeneticalLy  quite  similur  whereas  populations  of  both 
Li  tt'i‘i-H‘1  el' ti.-  and  !,'‘:-rina  .■  ix  : : i i , liuvrny  non- 
pelacjic  development,  differed  markedly  from  one  to  tfie  next. 

Tiiese  few  examples  are  intended  to  show  iiov;  natural 
selection  and  gene-flow  by  means  of  larval  di; persal  are 
botli  regarded  as  important  in  determining  the  amount  of 
genetically-determined  geographic  variation  and  similarity 
in  marine  invertebrate  species.  The  literature  on  popula- 
tion genetics  of  marine  species  has  recently  been  usefully 
reviewed  by  Gooch  (1975). 

Genetically-determined  variation  has  been  presently 
studied  in  only  very  few  species  that  can  be  regarded  as 
fouling  organisms  (e.g.  Mytilus  edulis-.  Koehn  and  Mitton, 
1972;  Milkman  et  al . , 1972;  and  Boyer,  1974;  the  bryozoans 

L^hiz'poi'ella  ei'i'ata  and  Buguta  d tolonif  ei-a : Gooch  and 

Schopf,  1970).  Yet  many  fouling  organisms  may  be  ideal  for 
the  study  of  such  geographic  variation.  Because  ecopheno- 
typically  determined  morphological,  physiological  and  be- 
havioral cliaracteristics  may  be  fixed  early  during  ontogeny, 
even  in  tiie  face  of  environmental  change  (Kinne,  1962),  it 
is  in  practice  often  quite  difficult  to  distinguish  between 
genetically  and  non-genetically  determined  variation. 
Therefore,  only  through  laboratory  breeding  e.xperiments  can 
environmentally  induced  and  genetically  determined  variation 
be  unequivocally  distinguished.  Many  fouling  organisms  are 
potential  subjects  for  such  breeding  experiments  since  (1) 
they  are  relatively  easy  to  breed  in  the  laboratory,  (2) 
possess  short  life  cycles,  (3)  produce  numerous  offspring, 
and  (4)  have  wide  geographic  distribution.  The  understand- 
ing of  geographic  variation  in  marine  fouling  organisms  may 
have  important  consequences  for  their  control.  It  cannot 
be  assumed,  for  example,  that  a species  will  respond  simi- 
larly throughout  its  geographic  range  either  physiologically 
or  in  its  settling  responses  (Knight-Jones, et  al.,  1971; 
Doyle , 1975). 


LARVAL  SETTLEMENT  AND  HABITAT  SELECTION 
IN  FOULING  ORGANISMS 

The  ability  of  a pelagic  larva  to  choose  a habitat  for 
attachment  is  very  important  to  its  survival  as  an  adult. 
Indeed,  evidence  accumulated  during  the  past  50  years  shows 
that  settlement  of  sedentary  species  is  not  usually  random 
but  frequently  quite  selective.  Larvae  if  given  a choice 
often  demonstrate  a remarkably  distinct  preference  for  their 
site  of  attachment.  (Settlement  as  used  here  is  an  ecologi- 
cal term  referring  to  termination  of  pelagic  larval 
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existence  and  assumption  of  a sessile  or  attached  mode  of 
life.)  Both  pliysical  and  biological  attributes  of  a liabitat 
may  affect  the  settlement  response. 

Pliysical  cliaracters  that  affect  settlinc  are  of  tv/o 
kinds:  first,  the  surface  [.roperties  c>f  tlie  substratum; 
and  second,  vector  quantities  such  as  currents,  gravity  and 
1 iyht . 

Properties  of  submerged  surfaces,  sucli  as  texture, 
surface  angle,  and  color  affect  tiie  settlement  behavior  of 
barnacle  cyprid  larvae  (Crisp  and  Barnes,  1954;  Barnes, 
195G).  'Die  calcareous  tune  worm  iiudvoides , an  important 
fouling  organism  in  warm-temperate  and  tropical  seas,  pre- 
fers rough  surfaces  for  attacliment , whereas  the  planula 
larva  of  the  hydrozoan  coelenterate  Tubularia  larunx  is  in- 
different to  surface  texture.  Some  species,  such  as  the 
American  oyster  ..'r'aaaod  vii‘jiniaa , seem  actively  to  pre- 

fer smooth  surfaces  for  settlement.  No  generality  can 
apparently  be  made  regarding  the  response  of  larvae  to  sur- 
face texture  and  different  species  appear  to  respond  differ- 
ently. Surface  contour  has  been  demonstrated  to  be  an  im- 
portant factor  in  settlement  of  barnacles;  cyprid  larvae 
will  settle  in  greatest  abundance  in  the  bottom  of  concavi- 
ties or  pits  (Crisp  and  Barnes,  1954). 

An  understanding  of  the  settlement  responses  to  physi- 
cal attributes  of  the  environment  can  best  be  understood  by 
observing  larval  behavior  just  before  and  during  settlement. 
Such  detailed  observations  have  been  made  for  the  common 
boreal  barnacle  Balanus  balanoides , the  tube  worm  ij 

a;  iroi'bia , and  the  European  oyster  Otstrea  eduiis.  An  inter- 
pretation of  the  behavior  of  larvae  should  include  a know- 
ledge of  the  sensory  receptors  involved,  but  little  is  yet 
known  about  either  the  details  of  tlie  morphology  or  func- 
tioning of  such  structures,  although  the  microscopic  ana- 
tomy at  settlement  for  tlie  above  forms  is  now  known.  A 
thorough  study  of  the  sensory  receptors  of  fouling  organisms 
at  the  time  of  settlement  should  be  of  considerable  practi- 
cal value  in  devising  means  to  prevent  marine  fouling. 

The  effect  of  water  currents  on  settlement  lias  been 
studied  mostly  for  barnacle  cyprids.  The  flow-rate  at  the 
potential  attachment  surface  and  its  gradient  with  distance 
from  such  a surface  are  important  to  settlement  (Crisp, 
1974).  However,  the  velocity  gradient  will  also  depend  on 
the  textural  properties  of  the  surface,  e.g.,  roughness  and 
contour.  Barnacle  cyprids  do  not  attach  at  a very  low  velo- 
city gradient;  apparently  an  optimum  gradient  exists  above 
and  below  which  the  likelihood  of  attachment  diminishes. 
Since  post-larvae  depend  upon  currents  for  food,  tlieir 
orientation  to  current  direction  and  velocity  established  at 
settlement  is  adaptive  for  survival. 


It  is  often  difficult  from  field  studies  alone  to  dis- 
tinguish between  the  effects  of  light  and  gravity;  for  ex- 
ample, it  may  be  impossible  to  separate  negative  phototropic 
responses  from  positive  geotropic  reactions  or  indeed  from 
negative  photokinesis  and  subsequent  effects  of  gravity. 

The  precise  behavior  of  larvae  must  be  known  in  order  to  in- 
terpret data  from  the  natural  environment.  On  the  other 
hand,  light  conditions  that  occur  in  nature  are  difficult 
to  simulate  in  the  laboratory  because  of  the  refractive 
properties  of  the  enclosed  vessels  that  must  be  used.  In 
a general  way,  however,  field  experiments  suggest  that  most 
larvae  prefer  sl^aded  areas  for  settlement  and  that  tliey  pre- 
sumably avoid  a direct  light  source  at  tlie  time  of  settle- 
ment. The  presence  of  statocysts  in  some  larvae  such  as  bi- 
valves suggests  that  gravity  may  be  important  for  the  orien- 
tation of  such  species. 

The  literature  on  the  effect  of  physical  factors  that 
influence  settlement  of  marine  larvae  is  usefully  summarized 
by  Crisp  (1974);  and  Thorson  (1964)  has  reviewed  light  as  an 
ecological  factor  in  the  settlement  of  marine  invertebrates. 

The  biological  properties  of  an  environment  known  to 
elicit  settling  responses  in  larvae  of  invertebrate  fouling 
organisms  may  be  readily  placed  into  three  general  cate- 
gories (Scheltema,  in  press).  These  are:  (1)  responses  of 

a larva  to  the  microflora  of  a filmed  surface;  (2)  intra- 
specific or  "gregarious"  responses  - the  reaction  of  a larva 
to  other  members  of  its  kind  that  are  already  settled;  and 
(3)  interspecific  responses,  the  reaction  of  a larva  to 
other  invertebrate  species  with  which  it  is  usually  asso- 
ciated as  an  attached  adult. 

primary  slime-film  of  bacteria  and  closely  related 
microorganisms  is  formed  when  glass  slides  or  any  other 
smooth  surfaces  are  immersed  in  the  sea  for  twenty-four 
hours.  ZoBell  and  Allen  (1935)  proposed  that  this  film  was 
a prerequisite  for  the  later  settlement  of  larger  fouling 
organisms.  Wood  (1950)  found  the  primary  film  in  his  ex- 
periments was  not  bacteria  but  rather  "algal  spores,  dia- 
toms, and  amorphous  organic  material"  and  concluded  that 
bacteria  play  only  a secondary  role  in  the  formation  of  a 
primary  film.  The  question  arises  whether  the  presence  of 
a film  is  an  obligatory  step  in  ecological  succession  of  an 
attacked  community  (as  proposed  by  ZoBell)  or  whether  seden- 
tary organisms  could  settle  directly  on  newly  submerged 
surfaces.  This  question  was  investigated  experimentally  in 
the  laboratory  by  Miller,  Rapean  and  Whedon  (1948)  using 
the  bryozoan  Bujula  neritana  and  also  in  field  studies  of 
fouling  plates  by  Scheer  (1945).  The  results  suggested  that 
although  slime  films  facilitated  settlement  of  bryozoans, 
it  was  not  a prerequisite. 

Subsequently  there  has  been  considerable  evidence  both 
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from  the  laboratorv'  and  field  observations  that  settlement 
of  a wide  variety  of  foulinq  organisms  is  promoted  by  the 
prosoi\co  of  slime  films  (e.g.,  Colo  and  Knight-Jones,  19-19, 
Ostr‘\i  ■ i'l'i!;;  Knight-Jones,  1951,  r- 'rhic  hof'iil '•  n ; 
Wisely,  1958,  the  bryozoan  W it-  poi‘a  ■uculTatu),  The 
specific  role  of  bacteria  to  settlement  has  been  studied  by 
Muller  (1973)  for  Ir.dv  it- 1 !.>  'a  in  groat  detial.  There  remain 
some  species,  however,  such  as  the  hydroid  "uJjula ri hu-'-nx, 
whose  larvae  are  indifferent  to  the  presence  of  a slime  film. 

There  is  evidence  that  the  microfloral  composition  of 
the  film  may  boar  some  relevance  to  its  "attractiveness"  for 
the  settlement  of  fouling  organisms.  .Meadows  and  Williams 
(1963)  showed  that  primary  films  wliich  had  different  algal 
components  showed  different  degrees  of  attractiveness  for 
the  polychaete  . 'n  t ore  i l-i  p . 

Evidence  for  the  preference  of  larvae  to  settle  in 
close  proximity  to  other  already  attached  members  of  their 
own  species  (i.c.,  intraspecific  or  "aggregation"  responses) 
comes  largely  from  the  study  of  oysters  and  barnacles.  The 
earliest  observations  appear  to  be  those  of  Cole  and  Knight- 
Jones  (1949)  who  noticed  that  the  total  number  of  oyster 
larvae  settling  on  surfaces  from  which  newly  settled  post- 
larvae were  daily  removed  was  one-half  to  one-third  as  many 
as  in  controls  from  which  post-larvae  were  not  removed. 
Knight-Jones  and  Stevenson  (1950)  subsequently  demonstrated 
that  the  settlement  of  the  acorn  barnacle  Elminius  r-iodeptus 
was  much  heavier  on  areas  which  already  bore  recently  set- 
tled barnacles  than  on  similar  adjoining  areas  where  bar- 
nacles were  absent.  It  was  concluded  that  this  difference 
"was  probably  largely  because  of  gregariousness".  Addition- 
al research  has  now  shown  that  the  cyprid  larvae  of  a number 
of  other  species  [viz.,  Balanus  halanoides,  5.  crenatus , . 

arnvhity-ite , B.  tintinnabulum  and  Chtharnalus  stellatue)  be- 
have in  a similar  fashion,  and  that  they  tend  to  settle  near 
populations  of  their  own  adults.  Knight-Jones  was  able  to 
show  that  the  gregarious  response  was  highly  specific.  Bala- 
nus halanoides  cyprid  larvae,  for  example,  settled  more  rea- 
dily with  adults  of  their  own  than  with  those  of  other  spe- 
cies. It  appears,  at  least  among  some  species  (e.g., 
barnacles,  serpulids)  that  if  the  pelagic  life  is  too  pro- 
longed, discrimination  of  the  larvae  at  settlement  is  great- 
ly diminished;  direct  evidence  on  this  point,  however,  is 
laclting  for  most  species  (Knight-Jones,  1953;  Meadows,  1969). 

The  biological  basis  of  gregarious  response  was  exam- 
ined in  detail  by  Crisp  and  Meadows (1962 ) who  treated  inert 
surfaces  with  aqueous  extracts  of  whole  barnacles.  Cyprids 
settled  on  such  treated  surfaces  as  readily  as  on  surfaces 
bearing  adult  barnacles,  thus  simulating  the  gregarious  set- 
tling response.  The  soluble  settling  factor  proved  to  be  non- 
dialyzable,  heat  stable  in  water  and  resistant  to  severe 
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physical  and  chemical  treatments;  the  threshold  of  hal'i- 
noidets  cyprids  for  extracts  of  their  own  adults  was  0.08  x 
10“^  mg  protein  ml“l.  Crisp  and  Meadows  concludefi  that  the 
attractive  substance  was  a water-soluble  fraction  of  arthro- 
pod cuticle  and  tliat  the  cyprid  responds  to  a "specific  mo- 
lecular configuration  manifested  by  the  protein  only  when 
physically  bound  to  a surface"  and  not  by  orienting  to  a 
chemical  gradient.  The  most  recent  attempt  to  define  the 
settling  factor  of  barnacles  has  been  by  chemical,  chro- 
matographic and  electrophoretic  separation  of  partly  puri- 
fied extracts  of  Ba!  I'lun  ba’  inoidec.  Gabbott  and  barman 
(1971)  found  two  active  components,  one  probably  a glyco- 
protein or  mucopolysaccharide-protein  complex,  the  other  a 
protein  associated  with  nucleic  acid.  Research  on  gregar- 
ious settlement  in  oysters  has  yielded  results  very  similar 
to  those  obtai.ied  with  barnacles  (Crisp,  1967;  Bayne,  1969; 
Hidu,  1969;  Beitch  and  Hidu,  1971;  Keck,et  al.,  1971). 

More  complex  than  intraspecific  relationships  are  the 
interspecific  associations  found  in  fouling  communities. 

That  settlement  responses  might  be  important  in  initiating 
such  relationships  has  had  lirtle  c<'>ns  iderat  i on  exper  imertly 
until  quite  rutently. 

Cole  an/  Knight-Jones  (1949)  noticed  that  surfaces  that 
had  become  he,ivily  fouled  with  sessile  organisms  such  as 
filamentous  algae,  ascidians,  patches  of  bryozoa , calcareous 
tube-worms,  hydroids,  and  small  mussels  had  greater  settle- 
ment of  oystf'r  larvae  upon  them  (3099)  than  shells  that  were 
cleaned  daily  of  all  their  fouling  (833).  The  effect  of 
gregarious  settlement  was  avoided  in  the  experiment  by  daily 
removing  all  settled  oyster-spat. 

Although  larvae  of  oysters  are  seemingly  "attracted" 
or  "induced  to  settle"  by  the  presence  of  a pre-existing 
fouling  community,  larvae  of  certain  other  species  apparent- 
ly can  be  inhibited.  Hence , Goodbody  (1961)  noted  that  a 
mature  colony  dominated  by  sponges  and  sea  anemones  on  a 
submerged  panel  inhibited  the  colonization  in  adjacent  pan- 
els of  a primary  colony. 

A few  laboratory  e.xperiments  have  demonstrated  inter- 
specific settlement  responses  but  most  of  these  have  not 
dealt  with  common  fouling  species.  Bourdillon  (1954) 
showed  that  pianulae  of  the  anthozoan  ,\l  ’i<ont-on  coraHoidcs 
preferred  to  settle  on  gorgonian  corals  and  Birkland,  Chia 
and  Strathmann  (1971)  found  that  br ach’iolar ia  larvae  of  the 
common  seastar  y.ediaster  aequal  is  settled  in  response  to 
tubes  of  the  polychaete  Phu lloahnetopterus . In  a few  in- 
stances settlement  of  a predator  has  been  experimentally 
related  to  the  proximity  of  its  prey.  Hence , opisthobranchs 
often  settle  in  response  to  the  bryozoa  on  which  they  feed 
(Thompson,  1958). 

The  study  of  interspecific  settlement  responses  among 
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fouliny  oryanistub  has  scarcely  beyun.  To  what  extent  the 
species  composition  of  fouliny  communities  is  establistied 
by  "settlement  responses"  and,  on  the  other  hand, to  what  ex- 
tent by  interspecific  competition  after  settlement  is  a 
question  wliicli  until  now  lias  been  laryely  unanswered. 


CONCLUSION 

Marine  fouling  studies  in  the  past  liave  been  largely 
empirical  dealing  principally  witii  the  efficacy  of  parti- 
cular treatments  for  its  prevention  (Woods  Hole  Oceano- 
graphic Institution,  1952).  However,  adequate  solutions  to 
some  of  the  problems  of  marine  fouling  require  more  precise 
biological  information  on  individual  species  (e.g.,  morpho- 
logy and  physiology  of  sense  receptors  at  the  time  of  at- 
tachment; settlement  responses  and  behavior  at  settlement; 
and  genetically  determined  geographic  variation  in  growth 
and  settlement  preferences).  Only  with  such  improved  know- 
ledge is  it  likely  that  new  approaches  to  the  control  of 
marine  fouling  will  present  themselves. 
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To  form  a correct  conception  of  the  distribution  requ- 
larities  of  marine  ecosystems  and  of  the  quantitative  appor- 
tionment of  the  living  organic  matter  within  them,  one 
should  have  at  his  disposal  a clear  and  dependable  theory 
concerning  the  origin,  formation  and  development  of  the  cor- 
responding biocenoses.  Epibiosis  (epifauna  + macrophytes) 
has  proven  to  be  the  most  ancient,  stable  and  productive 
layer  of  many  biocenoses,  determining  their  outward  aspect 
and  considerably  influencing  the  composition  and  quantita- 
tive development  of  endobiosis  (infauna) . Epibioses  are 
actually  composed  by  almost  all  bottom  autotrophs  and  the 
most  ancient  representatives  philogenetically  of  the  majori- 
ty of  classes  of  marine  invertebrates  (Spongia,  the  majority 
of  bottom  Coelenterata , Bryozoa,  Brachyopoda,  representa- 
tives of  plesimorphous  families  - Phylodocidae  and  Aphrodi- 
tidae  of  Polychaeta,  the  majority  of  the  most  primitive 
classes  in  each  line  of  development  of  Crustacea,  all  the 
representatives  of  the  originally  more  ancient  subclasses  of 
Cyclobranchia  and  Fissobranchia  of  Gastropoda,  the  major 
part  of  Tunicata,  the  relatively  most  primitive  of  bony 
fishes  of  the  families  Gonorhinchi idae  and  Nothocanthidae) . 

Epibenthic  organisms  differ  from  animals  inhabiting 
algae  and  the  sea  grass  leaves,  by  their  loss  developed  mor- 
phological specialization,  as  well  as  from  those  which  bury 
themselves  in  the  ground.  Epibioses,  constituting  the  most 
ancient  parts  of  ecosystems,  are  usually  ch.aracteiired  by  a 
high  species  diversity.  Thus,  in  biocenoses  of  the  Possjet 
Bay  (Scarlato,  Goli)<ovet  at.,  1967),  the  species  diversity, 
measured  according  to  Shannon-Weiner  (H=-pi-lnpi,  where 
pi=Ni/n) , is,  on  the  average,  1.2  for  the  epifauna,  1 for 
the  fauna,  and  0.9  for  the  phytal  animals. 

The  ma>imum  of  species  diversity  in  epifauna  (1.86)  can 
be  observed  in  the  bay  at  depths  ranging  from  1 to  5 meters 
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amony  rocks  and  stones.  Accord inq  to  their  feediruj  fashion 
in  epibioses,  the  sestonophaqes  are  predomintint  on  hard 
qrounds,  while  on  soft  qrounds  and  nixed  yrounds  there  are 
mostly  detritophayes  and  necrophayes. 

The  majority  of  cpi  biotic  repri'sentat  i ves  h<ave  the 
plankton  phase  of  development  in  their  ontotjenes i s , which  is 
most  typical  for  epibioses  in  warm  and  temporate  waters. 

The  mentioneti  ontoyenotic  phase  produces  a considerable 
influence  upon  special  distribution  and  the  total  number  of 
individuals  in  specific  populations,  thus  it  should  bo  con- 
sidered an  important  part  of  the  cor respond  iny  ecosystems. 
Besides,  taking  into  account  the  biotopic  attachment  of  the 
ecosystems  to  space  and  time  factors,  they  are  composed  ex- 
clusively by  sinking  larvae  and  those  dwelling  in  the  water 
layer,  which  directly  dispose  above  the  corresponding  epibi- 
osis.  A considerable  part  of  the  plankton  larvae  of  macro- 
benthic  organisms  spreads  beyond  the  ground  habitation  of 
the  local  populations  and,  as  a temporary  component,  joins 
the  ecosystems  composed  of  other  sp-'ecies. 

Under  favorable  conditions,  the  plankton  larvae  of  bot- 
tom organisms  are  slow  in  their  development  and  if  they  have 
sunk  to  the  bottom  they  usually  finally  perish. 

A formation  of  mass  populations  of  young  ■•iulir. 

and  Cpcic-s^ostrca  j L.jciP  gives  a typical  picture  of  the  devel- 
opment and  sinking  of  plankton  larvae  of  bottom  organisms 
under  unfavorable  conditions,  which  we  have  often  enough  ob- 
served within  the  littoral  zone  in  districts  influenced  by 
mobile  ice  or  by  a strong  and  continual  water  freshening. 
M’jtilus  dciulit',  which  have  sunk  to  the  littoral  in  summer, 
experience  some  growth  toward  the  autumn  season  and  some- 
times become  the  leading  forms  of  the  biocenosis. 

In  winter,  however,  influenced  by  mobile  ice  or  by  ex- 
cessively low  temperatures  at  ebb-tide,  the  populations  of 
Mytilup , whose  individuals  have  in  general  not  yet  reached 
maturity,  are  almost  completely  destroyed,  while  the  repre- 
sentatives of  the  genera  .•■’le/.tu  , f i 1 1 r ir  , fu/o.r,.-  or 
Chth-rn  1 1 ua  begin  to  play  the  leading  role  in  biocenoses. 

The  same  may  be  observed  v;ith  in  the 

Sea  of  Japan  littoral  and  in  the  continually  freshening 
shoal  waters.  The  plankton  larvae  of  these  species  are  re- 
produced at  the  expense  of  sublittoral  populations  dwelling 
in  favorable  conditions. 

As  is  well-known  (Thorson,  1936,  1950;  Mileikovsky, 
1971;  and  others)  , many  species  of  epibioses  in  cold  water 
have  a direct  development,  which  is  evidence  of  genotypic 
adaptation  to  existence  under  severe  conditions  with  a very 
low  content  of  feeding  substance  in  the  water  mass  during 
the  greater  part  of  the  year. 

Obviously,  species  following  this  type  of  reproduction 
have  a less  extensive  distribution  than  those  with  a 
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plankton  phase  of  development  in  their  ontogenesis.  Thus,  a 
number  of  Pacifie  boreal  species  of  bivalves,  which  have  the 
plankton-larva  phase  in  their  ontogenesis,  are  spread  far 
toward  the  north  and  reach  the  Dezhnev  Cape  and  the  Beaufort 
Sea,  while,  iudc)iiKj  by  the  distribution  of  giistropods  of 
■V.  ; tutu.!  genus  (Golikov,  1 963),  whose  young  individuals  de- 
velop directly  from  bottom  egg  capsules,  the  northern  border 
of  the  Pacific  boreal  district  lies  in  the  Bering  Sea  to  the 
south  of  the  Anadyr  Bay  and  Norton  Sound  Bay.  It  is  charac- 
teristic of  mobile  organisms  (e.g.  Amphipoda  - Gurjanova, 
1951,  Tzvetkova,  1 975 ; or  fishes  - Andriashev,  1939 ) that 
irrespective  of  their  manner  of  reproduction,  they  have  a 
somewhat  larger  distribution  area  than  organisms  with  re- 
stricted mobility,  devoid  of  a pelagic  development  stage. 
This  is  again  striking  evidence  of  the  vital  importance  of 
the  plankton-larva  phase  for  the  widest  distribution  of  or- 
ganisms (within  the  range  of  genotypic  characteristics). 

The  formation  of  floro-faunal  complexes  and  their  fur- 
ther distribution,  history,  geography  and  evolution  are 
reflected  in  the  formation  of  epibioses  of  the  upper  regions 
of  the  shelf  in  the  northwestern  part  of  the  Pacific  and  the 
Polar  Basin.  It  is  clear  that  local  specific  populations 
are  elementary  units,  organizing  the  floro-faunal  complexes 
and  the  ecosystems  which  they  compose. 

The  process  of  spociation,  consisting  of  a series  of 
gradual  eco-physiolog  ical  adaptations,  first  on  an  organis- 
mic  level,  then  on  tissue,  cellular  and  molecular  levels  of 
organization,  and  changing  from  modificationary  alterations 
to  genotypical  reorganization  via  selection  at  the  molecular 
level  (Golikov,  1973),  must  have  preceded  the  process  of 
distribution  of  local  populations  when  conditions  became 
greatly  changed.  The  history  of  the  fauna  formation  of  sep- 
arate groups  of  marine  benthic  animals  (Golikov,  1963;  Kafa- 
nov,  1974;  Scarlato,  Kafanov,  1975;  Tzvetkova,  1975)  gives 
some  evidence  of  the  fact  that  the  process  of  species  forma- 
tion was  induced  by  excessive  changes  in  climate  and  by  a 
further  formation  of  corresponding  water  masses.  A strict 
correlation  between  the  speciation  and  the  changes  of  the 
force  and  direction  of  physico-chemical  factors,  determining 
the  properties  and  distribution  areas  of  the  newly  formed 
genotypes,  offers  an  opportunity  to  reconstruct  in  space  and 
time  the  specific  evolution  of  organisms  even  when  their 
fossils  are  totally  absent  (Golikov,  Tzvetkova,  1972). 

The  rearrangement  of  the  interlocked  DNA,  RNA  and  pro- 
tein synthesis  and  the  change  in  primary  structure  and  fer- 
mentation activity  of  proteins,  corresponding  to  the  changes 
which  called  forth  speciation,  must  have  occurred  simultane- 
ously and  in  the  same  way  in  every  species  inhabiting  a cer- 
tain area  when  they  experienced  the  influence  of  the  same 
•^actors  inducing  speciation.  Besides,  species  of  different 
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systematic  groups  have  similarly  changed  their  condition 
requirements,  securing  a successful  replication  of  heredi- 
tary properties  necessary  for  ri’product ion  processes. 
Accordingly,  the  riewly  formc'd  sfiecies  of  flora  and  fauna 
(in^'ludinq  those  belonqiiu)  to  different  philogenetic 
branches  of  floral  and  faunal  development,  and  to  different 
large  taxons)  , having  in  coiimion  the  time  and  place  when  and 
where  they  wore  formed,  acqurii'd  quite  comparable  distribu- 
tion possibilities.  As  a result,  modern  species,  belonging 
to  different  philogenetic  subdivisions,  have  formed  objec- 
tive biogeographical  groups.  The  distribution  of  such 
groups  of  species  coincides  with  the  areas  of  present-day 
biogeographical  regions  and  often  corresponds  to  the  posi- 
tions of  definite  water  masses. 

The  formation  and  future  distribution  of  species  was 
closely  connected  with  the  position  of  the  level  of  the 
World  Ocean  (Lindberg,  1948,  1955,  1974);  its  largo  geohy- 
drocratic  variations  have  usually  coincided  with  global  cli- 
mate changes  and  with  changes  in  the  thermal  water  regime. 

We  have  every  reason  to  assume  that  stenobiontic  species 
with  a narrow  tolerance  range  have  been  formed  and  have  dis- 
tributed themselves  (simultaneously  within  philogenetically 
differing  species)  during  periods  of  ocean  regression,  while 
eurybiontic  species  with  a considerable  tolerance  range  were 
formed  during  periods  of  ocean  transgression  when  the  sea 
shoals  with  variable  hydrological  regime  occupied  vast  areas 
of  modern  land  (Goliltov,  1974). 

The  liistory  of  the  fauna  formation  of  different  system- 
atic groups  of  organisms  shows  that  the  most  powerful  out- 
brealcs  of  speciation  tool;  place  at  the  time  of  climate-cool- 
ing. It  is  of  interest  to  note  that  in  cold  and  temperate 
waters,  formed  during  the  Cenozoic  period  when  the  tempera- 
ture was  falling,  these  large  philogenetic  groups  of  organ- 
isms which  had  originated  during  the  periods  of  planetary 
climate-cooling  in  the  preceding  geological  epochs,  attained 
the  greatest  quantitative  development  (Goliicov,  1975)  . For 
instance,  the  late  Carbonic-Permian  catastrophic  temperature 
minimum  (which  occurred  about  250  million  years  ago)  re- 
sulted in  the  formation  of  the  first  representatives  of  a 
series  of  systematic  groups  of  a large  taxonomic  order 
(Peracarida  isopoda,  Amphipoda  and  others,  a number  of  Bry- 
ozoa  groups,  Mollusca,  etc.),  whose  descendants  later  in  the 
Cenozoic  period  developed  in  vast  quantities  simultaneously 
in  the  cold  and  temperate  waters  of  both  hemispheres.  In 
the  ecosystems  of  tropical  and  subtropical  waters,  however, 
any  existing  representatives  of  the  same  groups  have  formed 
very  small  biomasses.  This  phenomenon  may  be  accounted  for 
by  the  formation  of  special  enzymes  which  come  into  exis- 
tence at  low  temperatures  and  constitute  the  basis  of  cer- 
tain philogenetic  lines  of  species  formation.  These  enzymes 
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are  most  active  in  the  descendants  of  those  species  in  cold 
waters,  since  they  undergo  a genetic  suppression  at  rela- 
tively high  temperatures. 

One  can  suppose  that  species  of  cpibioses,  which  first 
experienced  the  direct  influence  of  changing  condition  fac- 
tors, rearranged  themselves  at  a quicker  rate  than  infauna 
species,  which  have,  to  a certain  extent,  been  protected  by 
the  micro-conditions  of  the  ground. 

The  formation  of  epibioses,  constituting  the  living 
basis  of  the  ecosystems,  followed  the  formation  of  biogeo- 
graphic groups  adequate  to  the  environment;  they  were  formed 
through  co-adaptation  and  integration  of  local  populations 
of  species  with  similar  environmental  requirements.  Species 
with  different  morphof unctiona 1 and  physiological  properties 
formed  populations  on  different  typos  of  ground  and  at  dif- 
ferent depths,  arranging  themselves  in  interchanging  layers 
which  were  sometimes  of  considerable  extent. 

As  a rule,  the  process  of  epibiosis  formation  on 
ground  devoid  of  living  organisms  begins  with  the  settling 
of  small  and  primitive  organisms  (a  bacterial  pellicle, 
meiobentic  organisms  followed  by  alga  1 growth , or  spongia  and 
hydroid  growth).  Then,  depending  upon  the  surrounding 
physico-chemical  and  biotopic  environment,  in  the  presence 
of  biologic  overgrowth  already  formed,  larvae  predominantly 
of  Cirripedia,  Gastropoda,  Bivalvia  and  Polychaeta  of  the 
families  Serpulidae  or  Sabellidae,  begin  sinking  toward  the 
biotope . 

In  the  majority  of  cases,  species  populations  of  suf- 
ficiently larger  size  and  weight  which  form  the  biological 
background  of  the  wtiole  biotope  play  the  dominant  part  in 
epibioses,  when  after  a temporary  succession  they  enter  the 
climax  state.  Besides,  the  optimum  of  biological  functions 
in  populations  is  attained  by  each  species  under  conditions 
similar  to  those  of  their  primary  adaptation,  timed  to  the 
formation  of  their  genetic  fund. 

Background-forming  species  at  certain  depths  in  optimal 
conditions  (for  their  genetic  fund)  acquire  their  greatest 
energetic  power  and  form  the  basis  for  corresponding  ecosys- 
tems, while  other  organisms  join  through  co-adaptation  with 
the  leading  forms,  or  by  entering  still  unoccupied  ecologi- 
cal niches.  For  example,  in  the  Sea  of  Japan  the  background 
forming  species  of  bivalves,  Ci-enomytilus  jya^-<jnus , has  the 
highest  population  density  and  the  heaviest  biomass  (up  to 
40  kg/m^)  in  the  Bay  of  Peter  the  Great  at  a depth  of  2-12 
(sometimes  20)  meters;  at  such  depths  they  often  form  solid 
aggregations  and  become  the  leading  forms  in  epibioses,  not 
only  rocky  grounds,  but  also  sometimes  on  silted  grounds. 

In  the  Tartar  Bay,  where  the  water  temperature  in  sum- 
mer is,  on  the  average,  lower  than  the  optimal  temperature 
for  this  species,  C.  yyajanut}  is  rarely  found  and  yields  the 
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leading  part  in  ecosystems  to  other  organisms.  Another 
background-forming,  more  warm  water  species,  Crar.iwst  r.u 
iji-jat.' , forms  ecosystems  in  the  western  part  of  the  Sea  of 
Japan  exclusively  in  wel 1 -protected  bays,  which  are  sun- 
warmed  in  the  summer,  and  is  totally  absent  along  open 
coasts.  C.  iji.jaa  may  have  spread  themselves  toward  the 
north  and  penetrated  into  remote,  well-protected  districts 
during  periods  of  climate-warming  in  former  geological 
epochs  (Golikov,  Scarlato,  1967;  and  others).  As  the  back- 
ground-forming species  often  find  favorable  reproduction  aid 
development  conditions  in  districts  of  water  areas  remote 
from  each  other,  one  can  often  observe  a certain  interzona- 
tion  in  the  distribution  of  ecosystems  which  is  also  re- 
flected in  the  biogeographical  aquatoria  regioning  (Golikov, 
Scarlato,  1968;  and  others).  In  epib  ses  with  leading 
background-forming  species,  the  total  number  of  species, 
population  density  and  biomass  are  considerably  higher  than 
in  biocenoses  where  the  leading  role  is  played  by  species 
which  offer  no  refuge  or  feeding  material  for  other  animals 
(Figs.  1 , 2) . 

Here,  in  brief,  is  the  history  of  the  formation  of  bio- 
geographical floro-faunal  complexes  in  cold  and  temperate 
waters  of  the  northern  hemisphere  and  the  history  of  modern 
epibioses  formation  on  the  basis  of  the  former. 

Figure  3 shows  conjectural  centers  of  origin  of  floro- 
faunal  complexes,  and  the-  ancient  and  modern  ways  of  distri- 
bution of  the  species  •■'mjiusing  them.  When  retracing  the 
formation  of  complexes,  t h-  authors  used  the  ecological 
principle  of  evol  ;M<  i i.  -or.st  ruct  ions  on  the  basis  of  a 
knowledge  of  ecebiiy  ir-  ; • distribution  of  recent  biogeo- 
graphic groups  •>:  1'.  a,iik"v,  Tzvetkova,  1972). 

Data  on  palef  t . i i-  e ; p 1 1 • "if aunas  allow  us  to  imagine 
more  or  less  c!"ir.;  of  climatic  changes  in  the 

northern  hc>m i Sfj.ne i . : . ■ : • 1 is*  geological  epochs. 

Pa leogeography  t • hemisphere  is  also  well- 

known.  The  paleei"  >:.•  i;  ;..  ■ : ftern  of  the  recent  geological 
past  can  be  success .red  by  analyses  of  the  geo- 
graphical distrib'.'  :o:  r .’••ci-nt  species.  We  can  consider 

as  an  example  the  reo  mst ru -t  ion  of  the  Quartenary  geologi- 
cal history  by  moans  o!  the  biogeographical  method  (Lind- 
berg,  1955,  1972). 

Application  of  the  ecological  method  is  based  upon  the 
very  close  dependence  of  the  development  of  recent  floras 
and  faunas  upon  the  history  of  climatic  changes  in  any  part 
of  the  Earth.  This  dependence  is  determined  by  the  decisive 
influence  of  physical -chemical  factors  on  processes  of 
speciation  and  formation  of  faunas  and  also  on  their  subse- 
quent dispersal.  Therefore,  the  juxtaposition  of  ecological 
data  (first  of  all,  those  on  thermopathy)  and  data  on  the 
distribution  of  recent  species  with  information  on  climatic 
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Fig.  1.  The  general  number  of  species  in  biocenoses  versus 
the  number  of  leading  species  and  the  presence  or  absence  of 
background-forming  species  (1)  in  the  Possjet  Bay,  Sea  of 
Japan.  The  ordinate  value  corresponds  to  the  number  of 
leading  species  in  a biocenosis;  the  abscissa  value  shows 
the  general  number  of  species. 


Fig.  3.  Centers  of  origin  (1),  the  ancient  (2)  and  modern 
(3)  distribution  pathways  of  different  biogeographical 
floro-faunal  complexes  of  species  in  cold  and  temperate 
waters  of  the  northern  hemisphere  as  related  to  geohydro- 
cratic  alterations  of  the  ocean  level  in  different  geologi- 
cal epochs.  I - Pacific  Asiatic  subtropical  species  (early 
Miocene,  regression).  II  - Mediterranean -Lusitanian  sub- 
tropical species  (early  Miocene,  regression).  Ill  - Pacific 
widely  distributed  boreal  species  (middle  Miocene,  begin- 
ning of  transgression) . IV  - Pacific  Asiatic  widely  dis- 
tributed species  (late  Miocene,  beginning  of  regression)  and 
Pacific  high  boreal  species  ( middle  Miocene,  beginning  of 
transgression) . V - Pacific  Asiatic  low  boreal  species 
(early  Pliocene,  regression).  VI  - Pacific  American  widely 
distributed  boreal  species  (late  Miocene,  beginning  of 
regression).  VII  - Pacific  American  low  boreal  species 
(early  Pliocene,  regression).  VIII  - Atlantic  widely  dis- 
tributed boreal  species  (late  Pliocene,  transgression),  and 
Atlantic  high  boreal  species  (late  Pliocene,  transgression) . 
IX  - European  widely  distributed  boreal  species  (middle 
Pliocene,  transgression)  and  European  high  boreal  species 
(Pleistocene,  next  to  last  transgression).  X - European  low 
boreal  species  (late  Pliocene,  transgression).  XI  - Boreal 
arctic  species.  Pacific  by  origin  (late  Pliocene,  transgres- 
sion) . XII  a,b  - Arctic  and  west  arctic  widely  distributed 
species  (early  Pleistocene,  regression).  XIII  a,b  - Estu- 
arine arctic  species  (Pleistocene,  transgression) . XIV  - 
Glacial  Ol<hots);  Sea  Species  (Pleistocene,  ultimate  stage  of 
regression) . XV  - East  arctic  species  (Pleistocene,  regres- 
sion) . 
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and  paleogeocjraphic  history  allows  us  to  imagine  an  ecologi- 
cal environment  which  was  inhabited  by  those  species  in  the 
past  and  to  trace  ways  of  their  possible  distribution.  This 
analysis  also  allows  us  to  achieve  some  idea  of  tlie  probable 
time  and  place  of  origin  of  the  species  in  question. 

Subtropical  by  origin  and  subt ropi cal -borea 1 by  area, 
character  species  which  originated  during  the  beginning  of 
the  Miocene  (about  25  million  years  ago)  in  the  region  where 
the  Japan  Islands  are  now  situated  are  the  most  ancient  com- 
ponents of  modern  ecosystems  (I). 

The  low  level  of  the  ocean  at  that  time  and  the  absence 
of  strict  hydrological  borders  between  waters  washing  the 
coasts  of  Asia  at  latitudes  from  Japan  to  the  Bering  land 
might  have  stimulated  a wide  distribution  of  these  species. 
After  further  climatic  cooling,  these  species  disappeared 
from  aquatoria  with  unsuitable  temperature  regim<'.‘S,  bat  sur- 
vived and  until  the  present  were  dominant  in  opibioses  in 
protected  bays  of  the  Sea  of  Japan,  the  southern  part  of  the 
Okhotsk  Sea,  northern  Japan  and  the  southern  Kuril  Islands, 
which  are  we  11 -warmed  in  summer.  Littoi'  ina  hrevieula  in  the 
littoral  and  species  of  S'U‘ijassum  genera,  Cfaseosti'ea 
and  some  others  in  the  shoals  and  sublittoral  are  examples 
of  such  species. 

At  the  same  time  or  at  a somewhat  later  period,  in  the 
remnant  of  the  Tetis  Sea,  the  Atlantic  subtropical  species 
(II)  were  being  formed;  some  of  them  later  spread  toward 
low  boreal  waters  and  composed  the  shoal  ecosystems  along 
the  coasts  of  France,  England  and  Germany. 

The  temperature  drop  during  the  second  half  of  the  Mio- 
cene (15  to  20  million  years  ago)  resulted  in  the  formation 
of  the  corresponding  widely  spread  boreal  Pacific  species; 
a considerable  part  of  them  hold  the  leading  role  at  present 
in  the  epibioses  of  the  shelf  and  bathyal  on  both  the  Asian 
and  American  coasts  of  the  Pacific,  or  are  parts  of  ecosys- 
tems with  other  dominant  species.  The  formation  of  these 
species  might  have  taken  place  in  the  southern  part  of  the 
Bering  Sea  (III),  while  their  wide  distribution  may  be  ac- 
counted for  by  the  comparatively  equal  hydrological  condi- 
tions in  the  Pacific  up  to  the  latitude  of  38-39°  N at  the 
middle  of  the  Miocene.  Later,  when  the  water  regime  of  the 
northern  and  southern  parts  of  this  aquatorium  became 
strictly  different,  these  species  either  changed  their  re- 
production periods  or  survived  at  considerable  depths. 
tucus  evanesaenti , Chthamalus  dalli,  I'-d't-iluo  edulti^,  Lit- 
tovina  kur'ila,  Metvidi  on  senile  firibt'i  itu":  and  others  may 
serve  as  examples  of  species  in  this  biogeographical  group, 
playing  the  leading  role  in  epibioses  and  forming  species 
associat  ions . 

In  the  Sea  of  Japan,  widely  distributed  boreal  Paci'"LC 
species  form  intermittant  associations  only  on  open  coasts 
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in  relatively  cool  waters,  while  further  to  the  north  they 
are  more  commonly  the  leading  forms  in  epibiosos  in  pro- 
tected districts. 

The  growth  of  a difference  in  the  hydrological  regime 
of  Asian  and  American  coastal  waters  and  the  great  depths 
which  were  formed  in  the  southwestern  part  of  the  Bering  Sea 
caused  a differentiation  within  Asian  and  American  coastal 
boreal  species,  which  were  formed  correspondingly  at  either 
Kamchatka  (IV)  or  Alaskan  coasts  (VI). 

Some  of  these  species  are,  at  present,  the  leading  forms 
of  a series  of  shoal  epibioses  (Glo  Lope  1 1 is  aapillaria , Z~  s- 
tct‘a  ^isiatiea,  Col  Lise  Lla  digitalis , etc.),  while  others 
have  formed  common  secondary  components  of  ecosystems  with 
dominant  species  of  a different  genesis. 

In  the  late  Miocene  (about  10  million  years  ago)  due  to 
the  progressive  decrease  in  temperature,  a large  difference 
in  newly-formed  hydrological  conditions  established  a border 
between  the  upper  boreal  and  lower  boreal  waters  of  the 
Pacific,  which  caused,  at  the  very  end  of  the  Miocene  or  at 
the  beginning  of  the  Pliocene,  the  formation  of  high  boreal 
Pacific  species  at  the  southeastern  Kamchatka  coasts  (IV) 
and  the  formation  of  Asian  low  boreal  species  at  the  point 
where  Southern  Sakhalin  and  Hokkaido  are  presently  situated 
(V)  . 

At  approximately  the  same  time,  coastal  American  low 
boreal  species  sprang  into  existence  along  northern  California 
(VII).  Due  to  their  unequal  genotypical  tolerance,  caused 
by  conditions  under  which  they  originated,  high  boreal  and 
low  boreal  species  were  unable  to  spread  themselves  beyond 
the  borders  of  the  corresponding  sub-regions.  In  epibioses 
of  the  shelf  in  the  coastal  Asian  low  boreal  waters,  such 
background-forming  species  as  Laminaria  Jaionica , L.  aichori- 
odes , Crenomutilus  jrayanus,  Modiolus  diffiailis  and  others 
are  usually  the  dominant  species,  while  in  high  boreal  wa- 
ters the  leading  role  is  played  by  Alaria  fistuLosa , Pode- 
desrnus  maaroahisma , Chlamis  beringianus,  Balanus  aariosus 
and  others. 

A mighty  ocean  transgression  in  the  second  half  of  the 
Pliocene  caused  a series  of  eurybiontic  representatives  of 
the  boreal  Pacific  flora  and  fauna  to  migrate  through  the 
northern  part  of  Canada,  which  was  covered  with  water, 
toward  the  North  Atlantic.  At  that  time,  the  boreal  hydro- 
logical  regime  established  itself  in  the  North  Atlantic  and 
an  original  boreal  Atlantic  species  was  formed.  It  was  pre- 
dominantly composed  of  immigrants  from  the  Pacific,  re-formed 
into  peculiar  species  (more  seldom  into  subspecies)  on  the 
coasts  of  America  (VIII)  or  Europe  (IX, X).  The  smaller  part 
of  the  species  was  formed  along  the  coasts  of  Europe  from 
local  Tetis  and  Paratetis  genetic  elements  (species  of 
Gnmarus  genera,  Tritia  and  others). 
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As  wo  have  seen,  copcpotJs  of  the  genus  Tisbc  provide 
very  good  material  for  population  genetics  studios  in  the 


Representatives  of  yui‘U.- , Lartinur  la  , !.i  1 1 ■ , i‘ Cn'i  and 
other  qenera  dominate  in  epibiosos  of  the  shoals  in  many 
parts  of  the  Atlantic  boreal  reqion. 

A considerable  progressive  cooling  toward  the  end  of 
the  Pliocene  (2.5-3  million  years  ago),  which  resulted  in 
the  formation  of  glaciers  in  Greenland,  Iceland  and  the 
Bering  Sea  Islands  (Einarsson,  Hopkins,  Doell,  1967;  and 
others)  and  in  a considerable  drop  in  water  temperature, 
must  have  put  an  end  to  the  migration  of  the  relatively  warm 
water  boreal  fauna  from  the  Pacific  to  the  Atlantic.  Be- 
tween the  Pliocene  and  the  Pleistocene,  the  progressive  tem- 
perature drop  led  to  the  formation  of  boreal  arctic  species 
in  the  northern  part  of  the  Boring  Sea,  which  were  Pacific 
by  origin  (XI),  and  in  the  Barents  Sea,  which  wore  Atlantic 
by  origin  (XII).  These  species  had  an  opportunity  to  dis- 
tribute themselves  widely  across  the  whole  Arctic  Ocean;  in 
relatively  cool  elitoral  waters  they  joined  the  boreal  epi- 
biosos of  the  Pacific  and,  to  a lesser  degree,  of  the  Atlan- 
tic Ocean.  Separate  representatives  of  Eum'i^htk;ja  , y.-.r-  ■ tlur, 
:iej>  tunea , Bueatrum  genera  and  others  dominate  in  a series  of 
epibioses  in  arctic  and  high  boreal  waters. 

The  regression  of  the  ocean,  which  started  at  the  be- 
ginning of  the  Pleistocene  (1.8-1  million  years  ago) 
strictly  diminished  the  entrance  of  the  North  Atlantic  warm 
stream  to  the  coasts  of  northern  Europe.  This  may  have  been 
the  most  important  cause  of  the  extensive  freezing  in  the 
high  Atlantic  coastal  latitudes  during  the  Pleistocene.  The 
hypothetical  Thule  mountain  ridge  that  may  have  connected 
America,  Greenland,  Iceland  and  Europe  at  the  point  where 
northern  England  and  western  Norway  are  now  situated,  and 
which  supposedly  towered  above  the  water,  might  have  formed 
an  unsurpassable  barrier  for  the  Gulfstream. 

However,  a dryland  bridge  between  Europe  and  America, 
which  appeared  more  than  once,  could  only  have  occurred  at  a 
time  when  the  ocean  was  regressing  more  excessively  in  the 
Neogene  than  many  authors  believed. 

Such  geological  data  as  the  fall  in  depth  and  the  hol- 
low formation  in  the  early  Pleistocene  in  many  regions  of 
the  World  Ocean  (probably  including  the  depths  of  the  Polar 
Basin)  and  the  formation  of  the  basins,  capable  of  contain- 
ing vast  water  masses,  as  well  as  paleontological  data 
(Saks,  1953;  Kotenov,  1970;  and  others)  offer  a possibility 
for  the  hypothesis  that  the  ocean  level  during  this  period 
was  500  meters  lower  than  the  modern  ocean  level. 

The  increase  of  freezing  in  the  Polar  Basin  and  the 
formation  of  the  high  arctic  water  mass  with  temperatures 
under  zero  during  the  whole  year  resulted  in  the  formation 
of  the  arctic  species  in  this  basin;  they  are  endemic  in  the 
Polar  region,  but  originated  from  surviving  boreal  arctic 
species.  Biogeographical  and  paleontological  data  (Saks  , 
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1948;  Gurjanuva,  1957,  1970;  Tolmachev,  Turtzev,  1970;  Golikov 
; .,1974;  and  others)  give  evidence  of  the  fact  that  at 
thi'  time  of  the  early  Pleistocene  regression  the  Arctic 
Ocean  at  the  point  of  the  Novosibirsky  Islands  was  divided 
by  the  Lomonosov  Ridge  towering  over  the  water.  As  a re- 
sult, one  part  of  tlie  arctic  species  originated  in  the  west- 
ern part  of  the  Polar  Basin  (Xll),  and  the  other,  in  the 
eastern  part  (XV).  in  the  majority  of  arctic  epibioses, 
arctic  species  do  not  form  largo  biomasses  and  yield  the 
leading  role  to  the  boreal  arctic  species.  However,  in  some 
epibioses  occurring  in  upper  arctic  waters,  such  species  as 
1 i.",  >■  la  ! . , Anoyiux  savisi,  'nijuloao.ti'otui',  yo- 

''kov',  iiU'.- 'tiiAtn  hydfophanum , Oonoyota  yiyantt.a  and  others 
occupy  the  dominant  position. 

The  arctic  glacial  Okhotsk  Sea  Species  (XIV)  may  have 
originated  toward  the  end  of  the  mentioned  ocean  regression, 
in  the  hollow  of  the  western  part  of  the  Okhotsk  Sea  formed 
at  that  time.  Furthermore,  these  species  have  not  developed 
and  distributed  to  a great  degree  and  in  spite  of  their  con- 
siderable diversity,  they  occupy  only  a subordinate  place  in 
the  greater  part  of  the  Okhotsk  Sea  epibioses. 

During  the  period  of  the  next  to  the  last  transgres- 
sion, which  followed  the  early  Pleistocene  regression,  when 
water  covered  the  low-lying  lands  of  Europe,  Siberia  and 
America,  an  estuarine  arctic  water  mass  was  formed  in  the 
region  where  the  upper  arctic  marine  waters  and  the  still 
warmer  river  waters  were  commingling,  thus  inducing  the  for- 
mation of  the  corresponding  faunal  complex  (Golikov  > t -I., 
1974).  Due  both  to  the  considerably  eurybionthic  character 
of  the  estuarine  arctic  species  and  to  the  existence  of 
broad  migratory  paths  among  estuarine  systems  of  Eurasian 
reservoirs  during  the  next  to  the  last  transgression  (Lind- 
berg,  1970),  which  occurred  about  100  thousand  years  ago, 
many  of  these  species  have  an  interzonal  distribution. 

Species  of  the  y.eaidr  t hf-a  genera  dominate  in  estuarine  arc- 
tic ecosystems  wfiile  in  infauna,  the  bivalve  molluscs  of  the 
P'  l'tlandia  genus  are  predominant. 

The  subsequent  loss  striking  climate  and  ocean  level 
changes  and  the  gradual  establishment  of  present  conditions 
brought  to  life  the  present  correlation  between  the  biomass 
and  biogenetic  resources  in  species  of  different  origin 
within  epibioses. 

It  is  a fact  of  certain  interest  that  in  the  northern 
hemisphere  one  can  observe  a general  tendency  of  development 
and  distribution  of  the  organic  world  from  the  southwest 
toward  the  northeast.  This  regularity  is  probably  deter- 
mined by  the  direction  of  the  Earth's  rotation  and  conforms 
with  geomorphological  changes  and  with  the  direction  of 
movement  of  magma  masses  and  sea  streams. 
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SEASONAL  VARIATION  OF  CRAB  LARVAE 
ALONG  THE  OREGON  COAST 


R.  Grogory  Lough 

National  Marine  Fisheries  Service 
Mortiioast  Fisheries  Center 
Woods  Hole,  Massachusetts  02543 

Bimonthly  plankton  samples  were  collected  for  tv/o  years 
along  a transect  off  the  central  Oregon  continental  slielf 
(44°39’N)  to  document  the  species  of  crab  larvae  present, 
their  seasonality,  and  their  onshore-offshore  distribution 
in  relation  to  seasonal  changes  in  oceanographic  conditions. 
During  the  fall  and  winter,  surface  currents  along  the  Ore- 
gon coast  typically  flow  northward  with  an  onshore  component. 
However,  during  the  spring  and  summer,  the  surface  flow  is 
southward  with  an  offshore  component.  Marked  differences  in 
oceanic  regimes  are  associated  with  the  current  reversals. 

The  distribution  of  crab  larvae  off  the  Oregon  coast  is 
in  general  agreement  with  the  known  distribution  of  the 
adults,  and  to  a lesser  extent  with  the  seasonal  changes  in 
ocean  currents.  Most  larvae  of  the  41  identified  species 
appear  in  the  plankton  from  February  through  July  within 
18  km  of  shore  with  greatest  abundance  in  May-June.  The 
most  abundant  larvae  are  those  of  the  intertidal  and 
sublittoral  species  {Pa?hj^;rul^r  puht.'^o^ns,  Fa'i'ia  ruhqua- 
iriti,  '-Knixi  I ' t t'V.xli.- , Canu-e.’'  ui'isgoyienxi  3 , Pugett'a 
spp.,  -2.gu:‘u.-  gi'.in  i’nanur, , and  Paxurua  ■x’l-  t.ru’ia) 
reaching  densities  of  10-1000  per  m^  at  2 and  5 km  of  shore. 

The  offshore  or  onshore  transport  of  the  larvae  is 
relative  to  the  intensity  of  coastal  upwelling  or  down- 
welling;  however,  the  extent  of  this  transport  generally  is 
limited  to  within  18  km  of  shore.  The  differential  behav- 
ior of  larvae  during  their  development  is  an  important 
feature  in  determining  their  position  in  the  water  column 
and  subsequent  transport  by  coastal  currents.  Most  early 
stage  crab  larvae  are  found  near  the  surface,  whereas 
late  stage  larvae  are  found  deeper,  near  the  bottom.  Those 
few  nearshore  species  {'ancev  oi'eyoyien^it'- , Canaei'  naair  . r, 

(,<•  spp.,  :,!>i'hopa>topeu3  bellup,  Emevita  analoga)  , 

whose  larvae  consistently  occur  offshore  beyond  18  km, 
usually  have  a combination  of  the  following  features: 
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(1)  their  larvae  occur  in  comparatively  high  densities 
during  late  spring  and  summer,  (2)  they  have  a relatively 
long  pelagic  life,  and  (3)  their  larvae  may  exhibit  a strong 
photopositive  response  during  the  early  mogalops  stage  and 
occur  in  the  surface  waters.  This  "anomalous"  behavior 
appears  to  be  an  adaptive  feature  enabling  the  early 
megalops  of  these  species  to  be  concentrated  near  shore  by 
the  onshore  surface  currents  prior  to  settlement.  Within 
5-9  km  of  the  coast,  a strong  onshore  component  of  the  sur- 
face currents  coupled  to  a lesser  degree  with  the  conserva- 
tive effect  of  alongshore  tidal  oscillations  is  believed 
to  be  the  major  mechanism  retaining  larvae  in  the  vicinity 
of  the  nearshore  parent  populations,  regardless  of  the 
season . 
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EXPERIMENTS  ON  THE  DYNAMICS  OF  DEEP  OCEAN 
ECOSYSTEMS:  ENERGY  FLOW  AND  MASS  FLUX 

Gilbert  T.  Kowe 

Woods  Hole  Ocoanoyraphi c Institution 
Woods  Hole,  Massachusetts  02543 

The  Departments  of  Biology  and  Chemistry  at  the  Woods 
Hole  Oceanographic  Institution  are  involved  in  an  inte- 
grated, interdisciplinary  investigation  of  the  energetic 
pathways  of  organic  matter  across  the  benthic  boundary 
layer  of  the  deep-sea  off  the  east  coast  of  the  United 
States.  Experiments  and  sampling  are  being  conducted 
primarily  at  two  permanent  bottom  stations  (1800  and  3600 
meters  depth)  using  the  manipulative  and  observational 
capabilities  of  the  Deep  Submergence  Research  Vessel  ALVIN. 

Surface-ship  sampling  for  the  past  century  in  the  deep- 
sea  has  allowed  us  to  define  the  standing  crop  and  commu- 
nity structure  of  the  fauna  at  the  sediment-water  interface, 
but  little  is  Icnown  of  the  functional  significance  of  the 
biota  in  energy  flow  and  remineralization  processes. 
fn  situ  manipulative  and  observational  capabilities  with 
DSRV  ALVIN  are  allowing  WHOI  ecologists  to  conduct  long- 
term experiments  and  monitoring  which  will  elucidate  the 
pathways  and  the  rates  at  which  organic  matter  is  converted 
to  er.ergy  or  biomass.  The  experiments  and  samoling  include 
measurement  of  sedimentation  rates  using  large  traps, 
in  r,itu  oxygen  demand  and  inorganic  nutrient  fluxes  in  the 
sediments  using  bell  jar-like  incubation  chambers,  in  situ 
respiration  and  excretion  on  individual  animals  captured 
with  traps  and  slurp  guns,  microbial  degradation  studies, 
colonization  and  succession  on  azoic  sediment  surfaces, 
growth  studies  using  isotope  aging  techniques  and  feeding 
experiments  using  baits  and  time-lapse  photography.  The 
goal  of  the  project  is  the  ability  to  predict  how  variations 
in  the  rates  and  forms  of  organic  matter  input  into  the 
deep-sea  affect  community  structure  and  remineralization 
potentials . 
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FOULING  COMMUNITIES  AND  GENETIC  DIVERSIFICATION 
IN  THE  MARTNE  ENV T Rn’C'KNT 


Hi  'jno  BaLtaylia 
IstituEo  Ji  Bifjlo'jia  /ir.in.ile 
Universita  degli  Stiidi  di  Padova 
35100  Padova,  Italy 


'Fouling'  communities  r.haro  with  other  associations  of 
marine  organisms  the  property  of  undergoing  qualitative 
and  quanti ta i-,i  ve  modifications,  both  in  time  and  space. 

For  research  leading  to  the  comparative  analysis  of  the  spe- 
cies present,  of  their  settlement  and  growth  periods,  of 
populations  succession,  and  of  the  abundance  of  the  main 
sessile  organisms  in  habitats  exhibiting  different  features, 
the  marine  biologist  may  utilize  artificial  substrates  im- 
mersed in  the  sea  at  various  depths,  in  adequately  pre- 
selected localities. 

The  use  of  these  artificial  substrates,  and  the  possi- 
bility of  situating  them  wherever  rec;uired  and  for  whatever 
length  of  time,  permits  one  to  carry  on  important  'natural' 
experiments  useful  for  the  solution  of  a wide  range  of 
problems  in  theoretical  as  well  as  in  applied  marine  biolo- 
gy. The  use  of  such  procedures  will  provide  an  advantage 
to  the  marine  ecologist  wishing,  for  instance,  to  approach 
the  question  of  the  origin  and  evolution  of  benthic  commu- 
nities; to  the  biologist  v/ho  wants  to  analyze  the  complex 
mutualistic  and  competitive  interactions  among  the  communi- 
ty members  and  to  detect  the  nature  of  chemical  mediators 
likely  to  play  a fundamental  role  in  these  interrelations; 
to  the  student  of  larval  biology  and  life  histories;  to 
the  pollution  expert,  intending  to  utilize  'fouling'  commu- 
nities as  indicators  of  water  quality;  and,  finally,  to  the 
population  geneticist  trying  to  detect  sympatric  or  allo- 
patric  intraspeci f xc  divergencies  and  to  estimate  the  role 
played  by  natural  selection  in  determining  the  observed 
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differences.  The  latter  point  is  the  one  to  which,  as  a 
geneticist,  I will  devote  more  attention.  We  shall  see 
later  liow  the  results  of  research  along  the  lines  briefly 
listed  above  may,  in  turn,  iielp  the  specialist  in  fouling 
communities  to  solve  some  of  his  particular  problems. 

In  order  to  deal  with  evolutionary  problems  a prelimi- 
nary illustration  of  the  tools  currently  available  to  the 
ecological-geneticist  might  be  useful:  in  other  words,  an 
illustration  of  what  benthic  organisms  are  suitable  for  the 
genetic  analysis  of  differentiation. 

The  genetic  basis  for  differences  within  and  between 
geographically  separated  populations  of  single  species  has 
been  studied  through  laboratory  experimentation  for  very 
few  organisms.  The  beginning  of  this  area  of  research  is 
marked  by  the  discovery  of  species  exhibiting  visible 
genetic  polymorphisms  and,  at  the  same  time,  suited  for 
culture  and  crossbreeding  in  the  laboratory.  From  this 
viewpoint  some  Isopods  such  as  ■’ueva  and  Sphaeroma , cope- 
pods  of  the  genus  Tic.be , the  compound  ascidian  B.'tv’jllue-  , 
and  the  polychaete  worm  Porna  to<^c  I'os  proved  quite  useful. 

As  an  example,  I shall  briefly  refer  to  the  case  of  Sphae- 
vorna  .:a  !‘i’u  tun: , which  is  represented  along  the  coasts  of 
Brittany  by  five  main  morphs  distinguishable  by  their  color 
patterns.  Bocquet,  Levi  and  Teissier  (see  Lejuez,  1974, 
for  reference)  have  shown  that  the  phenotypes  dioere  turn, 

'.  unuLatum,  ovnatim,  s i jnatuin , and.  albicans  are  under  the 
control  of  four  pairs  of  independent  alleles  which  make  an 
epistatic  series.  The  frequencies  of  these  genes,  although 
remarkably  stable  in  time,  vary  from  station  to  station. 

For  a few  years  the  geographic  distribution  of  the  species, 
in  its  various  genotypes  and  phenotypes,  has  been  followed 
with  great  interest.  Some  observations  suggest  a certain 
correlation  of  the  frequency  of  the  various  morphs  with 
temperature.  It  has  also  been  possible  to  determine  that 
the  differences  between  localities  are  due  to  Wright  effect 
since  the  density  of  natural  populations  of  Sphae  vorna  is 
quite  high.  More  recently.  West  (1964)  and  Bishop  (1969) 
have  carried  out  similar  investigations  in  another  species, 
Sphaeroma  rugioauda  which  is  very  common  along  the  English 
coasts.  Here  the  morphs  are  controlled  by  several  non- 
epistatically  interacting  genes.  One  of  them,  yellow, 
undergoes  seasonal  fluctuations  with  the  highest  frequency 
in  winter,  indirectly  suggesting  an  adaptive  function  for 
this  polymorphism. 

Another  example  is  offered  by  the  colonial  ascidian, 
Botrijllus  sahlosseri  , studied  in  Italy  by  Sabbadin  (1972) 
and  in  the  United  States  by  Milkman  (1967) . For  the  popu- 
lation from  the  lagoon  of  Venice,  Sabbadin  and  coworkers 
were  able  to  discover  the  Mendelian  basis  of  the  color 
polymorphism  characteristic  of  the  species:  segregation 
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at  four  loci  accounts  for  oranqo,  reddish  and  blue  pigment 
cells,  and  singly  or  double-banded  i nters iphonal  bands. 

But,  as  in  dpi;,;,  ■ rom.j , the  selective  significance  of  the 
po ly ch roma t ism  in  can  only  be  suspected. 

A species  where  it  has  been  possible  to  demonstrate 
the  adaptive  function  of  polymorhpism,  is  the  harpacticoid 
copopod  ticuL.i  ta , characterized  by  a striking  poly- 

morphism consisting  of  the  different  distribution  and  color 
of  pigment  in  the  hypodermal  colls  of  the  cepha lothorax 
and  the  free  thoracic  segments.  In  the  lagoon  of  Venice 
the  species  is  represented  by  tliree  main  forms  which  can  be 
identified  in  both  sexes,  plus  one  minor  variant.  This 
polymorphism,  controlled  by  a series  of  alleles  at  the  same 
locus,  , i’^,  and  v is  adaptive  and  balanced,  being  main- 
tained by  the  superiority  of  heterozygous  genotypes 
(Battaglia,  1964;  1970) . In  fact,  we  have  experimental 
evidence  that  certain  physical  ecological  parameters,  such 
as  salinity  and  temperature,  act  as  powerful  selective 
agents  on  the  various  genotypes.  In  particular,  differ- 
ences in  the  water  temperature  are  responsible  for  differ- 
ences in  the  equilibrium  frequencies  of  the  genes  which 
control  polymorhpism,  and  this  applies  both  to  natural  and 
experimental  populations. 

The  possibility  that  the  physical  factors  of  selection 
also  operate  in  another  species  of  Titibc,  T.  hoLothwri  ae , 
is  indirectly  suggested  by  the  finding  of  different  degrees 
of  "concealed  genetic  variability"  in  populations  from 
southern  France  living  in  marine  and  in  brackish-water 
habitats  (Battaglia,  1970).  A similar  situation  which  leg! 
timates  the  hypothesis  that  these  inter-population  differ- 
ences are  due  to  different  ecological  characters,  and  con- 
sequently to  different  selective  pressures  of  the  environ- 
ments from  which  the  populations  come,  has  recently  been 
found  in  2 populations  of  the  upper  Adriatic. 

Moreover,  the  species  Tisbe  holothuviac  shows  varying 
tolerance  to  low  salinities.  The  physiological  geographic 
races  are  clearly  genetic  races,  since  the  observed  phsyio- 
logical  differences  are  preserved  in  populations  cultivated 
in  the  laboratory  for  years  (Battaglia,  1967). 

Another  species,  Tisbe  elodiensis , exhibits  a poly- 
chromatism which  is  controlled  by  only  two  alleles  of  the 
same  gene.  In  this  case  polymorhpism  is  balanced  since 
heterosis  plays  an  important  role  in  its  maintenance.  The 
fact  that  in  experimental  populations  of  T.  alodiensis 
equilibria  are  eventually  reached  suggests  that  this  poly- 
morphism has  an  adaptive  meaning.  However,  the  equilibrium 
values  seem  tc  depend  to  a considerable  extent  on  tlie  ini- 
tial composition  of  the  population,  whereas  the  effect  of 
factors  such  as  salinity  or  temperature  is  less  appreciable 
In  other  words,  in  Tisbe  alodiensLs  the  more  effective 
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factors  of  selection  seem  to  be  biotic  rather  than  physical. 
An  experiment  has  been  devised  to  test  the  hypothesis  that 
tlie  cjonetic  structure  of  populations  of  a marine  species 
nuy  bo  influenced  by  the  biotic  factors  of  the  environment. 
The  o.xperimont  consisted  of  z'aisincj  in  the  same  culture 
vessel  two  species  of  , namely  1'.  a • uJL:  n.;  Li;  and  T. 

i it-j. , both  polymorhpic  and  therefore  suitable  for 
visible  mani fes ta t ion  of  possible  genetic  effects  of  co- 
existence. It  was  found  that  whereas  in  T.  i-,.- l ' -uLutu  the 
gene  frequencies  at  equilibrium  seem  to  be  unaffected  by 
the  presence  of  T.  ,-e  Jicna  ia  , the  equilibrium  values  in 
tile  latter  differ  significantly  according  to  the  presence 
or  absence  of  T.  !-■  ticuLaLi  in  the  same  culture  vessel 
(Table  1).  The  mechanisms  responsible  for  this  phenomenon 
are  still  obscure,  althoug.h  it  is  likely  tnat  interactions 
of  a chemical  nature  are  involved  between  the  two  competing 
species . 

As  we  have  seen,  the  use  of  species  exhibiting  visible 
polymorhpism  is  very  effective  for  the  study  of  evolution- 
ary’ events  over  the  short  time  intervals  accessible  to  the 
biologist.  But  when  this  favourable  condition  is  not 
available,  another  valuable  method  for  revealing  and  esti- 
mating genetic  variability  is  provided  by  the  analysis  of 
protein  variation  by  means  of  electrophoretic  techniques. 
Examples  of  this  kind  of  investigation  on  marine  popula- 
tions are  becoming  more  and  more  numerous.  The  main  pur- 
pose is  to  elucidate  the  possible  adaptive  significance 
of  these  biochemical  polymorphisms,  and  to  see  to  what 
extent  the  observed  genetic  variability  can  be  related  to 
ecological  stability  or  diversity. 

Since  this  subject  will  soon  be  developed  by  Dr. 

Gooch  and  Dr.  Levinton,  who  have  devoted  most  of  their 
recent  research  to  biochemical  polymorphisms  of  organisms 
belonging  to  fouling  communities  (see,  for  reference, 

Gooch,  1975;  Koehn  and  Hitton,  1972;  Levinton  and  Fundiller, 
1975),  I shall  confine  myself  to  reporting  on  a case  of 
adaptive  enzyme  polymorphism  recently  investigated  in  our 
laboratory.  The  marine  amphipod,  GamtTuzr'us  Imensibilis , 
has  been  tested  by  electrophoresis  for  several  enzyme 
systems.  In  particular,  the  esterase  systems  appeared 
polymorphic  at  the  level  of  five  loci  (Battaglia  and  Bisol, 
1975).  The  results  of  crosses  and  the  agreement  with  the 
Hardy-Weinberg  distribution  indicate  the  genetic  nature  of 
this  polymorphism.  One  of  the  loci  involved,  Est-6, 
undergoes  wide  seasonal  fluctuations  (Table  2)  with  devia- 
tions from  Hardy-Weirdjerg  due  to  an  excess  of  heterozygotes. 
The  observed  changes  in  gene  frequency  seem  to  depend 
largely  on  natural  selection.  As  also  suggested  by  labora- 
tory experiments,  temperature  must  be  the  major  factor  in 
this  respect. 
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Table  1. 

Biotic  factors  of  selection  in  Ttsb(?  cZodt&yui'c.  Frequency 
of  the  allele  £ in  experimental  populations  of  T.  fylodi.:r- 
sit',  with  and  without  T.  petirul^ita  in  the  same  culture. 


Initial  frequency  = 

.50  (from  Battaglia, 

1970) 

• 

Sampling 

Monospeci f ic 

T. 

alodie 

(every  20  days) 

populations 

T. 

re  ti  -3u 

1 

.88 

.59 

2 

. 86 

.69 

3 

.84 

.49 

4 

. 81 

.60 

5 

. 75 

.65 

6 

. 76 

.69 

7 

. 81 

.65 

8 

. 78 

.61 

Table  2. 

Adaptive  polymorphism  in  Gammarus  insensihiZis . Seasonal 
changes  of  gene  frequency  for  the  Est-6  locus  (from  Batta- 
glia and  Bisol,  1975). 


Month  N Gene  frequency  Est-6  - £ 


Oc tober 

179 

. 10 

November 

140 

.22 

December 

174 

.45 

January 

119 

.49 

April 

58 

.21 

May 

38 

.04 

July 

51 

.02 

73 


As  wo  have  seen,  copopods  of  the  yenus  Tiabe  provide 
very  yood  material  for  population  qenetics  studies  in  the 
marine  environment.  In  addition  to  that,  the  recent  dis- 
covery of  several  sympatric  and  allopatric  sibling  species, 
and  of  variable  degrees  of  reproductive  isolation  in  geo- 
graphic populations  of  the  same  species  make  Tiabe  an 
excellent  organism  for  research  on  speciation  patterns  as 
well  (Volkmann-Rocco , 1971;  Volkmann-Rocco  and  Battaglia, 
1972;  Battaglia  and  Volkmann-Rocco,  1973). 

There  are  species,  such  as  Tisbe  holo  thur-iae , whose 
various  geograhpic  populations,  including  those  separated 
by  the  Atlantic  Ocean,  are  perfectly  interfertile,  with  F]^ 
hybrids  which  are  often  heterotic.  Populations  of  other 
species,  like  Tisbe  ve  tic ulata , are  interfertile  but  there 
is  evidence  of  an  incipient  reproductive  isolation.  The 
most  interesting  case  concerns  Tiabe  atodienaia , whose 
different  geographic  populations  exhibit  all  stages  of  re- 
productive divergence  ranging  from  complete 
interfertility  to  complete  intersterility,  with  the  fre- 
quent occurrence  of  "relative  intraspecific  incompatibil- 
ity". A detailed  account  of  this  situation  which  in  many 
respects  resembles  the  case  of  Drosophila  pauliatorum,  is 
in  course  of  publication  (Volkmann,  Battaglia  and  Varotto) . 

Tisbe  is  now  also  the  object  of  research  on  biochemi- 
cal polymorhpisms . The  first  results  of  electrophoretic 
investigations  carried  out  for  general  proteins  and  fif- 
teen enzyme  systems  in  several  species,  races,  and  geno- 
types, show  that  the  biochemical  similarity  increases  with 
the  degree  of  taxonomic  affinity  (Table  3). 

The  cases  just  described  indicate  the  usefulness  and 
relevance  to  the  geneticist  of  some  species  belonging  to 
the  'fouling'  community  or  closely  associated  with  it. 

Both  the  discovery  of  easily  reared  benthic  species, 
and  the  increasing  application  of  electrophoretic  analysis, 
have  disclosed  new  perspectives  to  the  study  of  genetic 
diversification  in  the  marine  habitat.  We  shall  see  now 
to  what  extent  the  results  thus  achieved  may  help  the  ma- 
rine ecologist  or  the  biological  oceanograplier  to  solve 
some  of  his  problems.  For  instance,  the  demonstration  of 
the  selective  importance  of  certain  biotic  environmental 
factors  may  lead  to  a new  way  of  approaching  the  problem 
of  the  origin  and  evolution  of  benthic  communities.  This 
problem  will  be  more  adequately  dealt  with  if,  in  addition 
to  the  genetic  research,  other  kinds  of  studies  are  con- 
ducted aiming  to  detect  the  nature  and  function  of  possible 
chemical  mediators.  In  the  final  analysis  these  mediators 
represent  effects,  far  from  negligible,  of  genic  action. 
This  approach  will  contribute  to  a better  understanding  of 
the  adaptive  and  evolutionary  strategies  utilized  by  the 
organisms  living  in  the  sea. 
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The  results  of  genetic  studies  conducted  on  fouling 
species  can  also  help  to  elucidate  some  problems  of  larval 
biology  with  special  concern  to  the  question  of  inter- 
relations between  larval  and  adult  stages.  Perhaps  the  con- 
sideration of  biotic  factors  of  selection  will  provide  a 
useful  background  for  a further  discussion  of  this  inter- 
esting point. 

We  have  already  seen  how,  in  Tisbr  cl  odiiv.aia , unlike 
T.  reticulata,  biotic  factors  appear  to  play  a far  more 
significant  selective  role  than  physical  factors.  The  very 
presence  of  another  species  in  the  culture  vessel  of  T. 
clodienssis  affects  the  fitness  of  at  least  one  of  its  loci. 
In  other  words,  interspecific  competition  in  T.  clodiensia 
conditions  the  selective  values  of  certain  genes  to  a con- 
siderable degree.  The  analysis  of  this  phenomenon  has  been 
recently  extended  to  the  level  of  intrasoeci fic  competition 
(Fava  1974,1975). 

With  the  purpose  of  determining  in  a more  rigorous  way 
the  biotic  factors  of  selection  which  affect  the  fitness  of 
various  genotypes  of  T.  alodiensis , five  types  of  experi- 
mental populations  were  utilized: 

1)  Populations  started  with  equal  numbers  of  virgin  fe- 
males and  males  of  the  three  genotypes  (o£,  PP)  at 

f(p)  = f(P)  = 0.5  in  Hardy-Weinberg  proportions. 

2)  Populations  started  with  equal  numbers  of  hetero- 
zygous females  and  males; 

3)  Populations  started  with  equal  numbers  of  recessive 
homozygous  females  and  dominant  homozygous  females, 
each  fertilized  by  males  of  the  same  genotype; 

4)  Populations  with  virgin  females  and  males  of  the  three 
genotypes  at  f (p)  = 0.2,  f(P)  = 0.8  in  Hardy-Weinberg 
proportions ; 

5)  One  population  as  in  4)  but  with  f (g)  = 0.7  and  f(P)  = 

0.3. 


The  gene  frequencies  in  these  populations  were  fol- 
lowed for  about  fifteen  generations.  The  results  suggest 
interactions  between  genotypes  which  may  affect  their  sur- 
vival. The  interaction  between  adults  and  larval  stages 
appears  quite  remarkable.  Fitness,  in  T'sbe  alodiensis,  is 
a function  of  the  genetic  structure  of  the  population  and 
of  population  density.  Certain  comparisons  seem  to  indi- 
cate that  sexual  selection  is  also  involved.  '^he  selec- 
tive pressure  is  then  determined  by  a great  number  of 
biotic  components  which  operate  in  the  various  stages  of 
life  cycle,  similarly  to  what  has  been  described  by  Kojima 
and  Tobari  (1969)  in  Drosophila.  It  seems  reasonable  to 
suggest  that  in  T.  alodiensis  , at  least  under  these  experi- 
mental conditions,  a frequency-dependent  mechanism  is 
involved.  Equilibrium  conditions  would  thus  be  determined 
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not  only  by  hetorozyqoLc  suijoriority  but  also,  or  ureva- 
lently,  by  a proqri'ssive  minimization  of  solection  coeffi- 
cients as  il  ibr  ia  are  approaciied. 

A reasonable  hypotliesis  to  explain  the  mechanisms 
throuqh  which  competinq  species  or  (genotypes  moilify  the 
equilibrium  values  of  certain  genes  is  chemical  interaction. 
Tliis  i.s  supported  by  Llie  results  of  otiier  experiments 
carrit'd  out  to  test  wliether,  in  T.  aLo.U'-'Hu  , the  survival 
of  a qeiiotype  from  nauplius  to  adult  may  bo  altered  by 
the  presence  of  other  genotypes  in  ttie  same  culture  vessel. 
In  a first  series  of  experiments,  the  survival  of  naupl ii , 
pp,  was  measured  1)  in  a monomorphic  culture,  2)  in  the 
presence  of  adult  pjj  females,  and  3)  in  the  presence  of 
adult  ^ females.  A s i mi  lar  experiment  was  carried  out  with 
PP  nauplii.  The  results  indicate  survival  values  signifi- 
cantly lower  for  nauplii,  especially  PP  nauplii,  competing 
with  adults  of  a different  genotype. 

The  existence  of  such  interactions  between  genotypes 
of  the  same  species  had  already  been  detected  in  Dvo.iOfhi  ’ u 
by  several  authors,  e.g.,  Lewontin,  Weisbrot,  Dawood, 
Strickbcrger , Huang,  Singh,  and  Kojima  (see  Fava  1974,  1975 
for  references),  who  were  able  to  demonstrate  that  the 
phenomenon  is  controlled  by  a sort  of  'conditioning'  of  the 
medium  by  the  biotic  products  of  the  various  genotypes.  In 
the  case  of  Tisbe,  the  mechanism  may  be  based  on  the  pro- 
duction of  differential  toxic  metabolites.  In  conclusion, 
the  importance  of  biotic  factors  in  T.  Lftodi  ■ imi,',  could  be 
sufficient  to  justify  the  peculiar  type  of  geographic 
isolation  occurring  in  this  species. 

The  hypothesis  of  chemical  mediators  may  help  in  the 
interpretation  of  some  mechanisms  responsible  for  the 
difference  in  'evolutionary  histories'  often  observed  in 
fouling  communities.  Alice  suggested  as  early  as  1934 
that  aquatic  biological  associations  may  condition  the 
surrounding  medium  by  means  of  secretions  or  excretions, 
v;hose  nature  and  biological  effect  are  one  of  the  most 
significant  problems  of  sinecology  (or  'mass-physiology', 
to  use  Allee's  term) . 

These  chemicals  may  have  trophic  functions,  as  shown 
in  Provasoli's  (1963)  brilliant  researcli,  defense  functions, 
or  oligodynamic  functions.  The  latter  operate  between 
individuals  belonging  to  different  species,  by  means  of 
' allelochemics ' (Whitta)<er  and  Feeny,  1971);  or,  when  indi- 
viduals of  the  same  species  are  considered,  by  means  of 
plieromons  or  self-inhibitors.  The  pheromons  act  on  the 
reproductive  behavior,  on  the  social  regulation  and  recog- 
nition, and  on  the  territorial  delimitation.  The  self- 
inhibitors act  mainly  by  checlting  population  densities. 

The  theory  of  the  ecological  importance  of  certain  organic 
compounds  in  the  sea,  viewed  as  factors  involved  in 
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competition,  succession  and  integration  of  marine  communi- 
ties, is  especially  to  Lucas'  (1955)  credit.  The  use  of 
the  term  'ectocrines'  to  indicate  those  external  metabo- 
lites endowed  with  similar  ol  iqodynamic  propierties  has 
also  been  introduced  by  Lucas. 

As  Pourriot  (1966)  states,  consideration  of  physical 
factors,  of  tfie  mineral  chemical  constitutents , and  of 
the  trophic  inter-organismic  relationships,  is  not  suffi- 
cient to  explain  the  structure  of  the  aquatic  communities, 
and  even  less  their  variability  in  time  and  space.  The 
discovery  of  external  metabolites  acting  as  chemical  medi- 
ators may  hopefully  help  to  explain  the  complex  phenomena 
of  mutualism  and  antagonism  involved  in  the  regulation  of 
communi ties . 

To  give  an  example,  Aubert  and  coworlters  (see  Sara,  in 
press,  for  reference)  have  recently  described  a periodic 
system  of  antibiotics  in  unicellular  planlitonic  algae  such 
that  tile  biosynthesis  of  antibacterial  substances  can  be 
activated  or  inhibited  by  certain  chemicals  according  to 
tlie  season.  Among  the  various  cases  illustrated  by  these 
French  authors,  I shall  mention  the  one  concerning  the  re- 
lationships between  the  dynoflagellate  Pi‘Oi‘0'je>.tPurn  mioana 
and  some  diatoms:  the  former  seems  to  produce  a mediator 

(a  protein  having  a molecular  weight  of  ca . 50,000) 
capable  of  inhibiting  the  antibiotic  synthesis  in  the  dia- 
toms, which,  in  turn,  would  produce  a mediator  (possibly, 
a nucleoprotei n)  capable  of  inducing  in  the  dynoflagella' 
the  synthesis  of  the  inhibitor.  Feedbacli  mechanisms  of 
tliis  sort,  which  appear  to  be  widespread  in  the  marine 
environment,  could  account  for  certain  otherwise  obscure 
variations  in  the  equilibria  of  phyto-  and  zooplanlcton 
populations . 

The  effects  of  external  metabolites  are  not  confined 
to  pelagic  life,  but  also  concern  interactions  among  ben- 
thic organisms.  For  example,  organisms  of  a species  may 
produce  substances  which,  although  undefinable  ' s-sj.su 
strictu'  as  pheromons,  can  nevertheless  influence  other 
individuals  of  the  same  species,  by  inducing  self-antago- 
nistic reactions  leading  , in  the  case  of  very  high  popula- 
tion densities,  to  an  arrest  of  growtli  and  reproduction. 
Ktaight- Jones  and  Moyse  (1961)  extended  this  sort  of  control 
iiiochanism  of  intraspecific  competition  to  several  benthic 
org.  nisms  lilce  ascidians,  bryozoans,  and  sponges.  They 
cite  another  example,  in  the  life  of  sessile  organisms, 
where  a special  role  is  played  by  substances  which  attract 
larvae,  thus  inducing  tliem  to  settle  on  substrates  favoura- 
ble to  their  further  development.  The  fixation  mechanisms 
in  Balanus  balanoidcs  and  other  barnacles  are  quite  well 
studied  — starting  with  the  early  investigations  by 
Knight-Jones  (1953)  on  gregarious  behavior  and  continuing 


up  to  the  recent  identification  of  the  inducing  substances 
as  glyco-proteins  and  nucleic  acids  (Gabbott  and  barman, 
1971)  . 

Also  important  for  tlte  analysis  of  the  recognition 
mechanisms  are  Crisp's  (1974)  observations,  according  to 
which  tlie  substance  responsible  for  attracting  the  cyprids 
of  B.  baLanoidep.  and  t:iminius  modeutus,  would  be  the  so 
called  ' arthropodin ' , a heat-stable  proteic  component  of 
the  cuticle.  It  seems  that  the  reaction  to  the  stimulus 
ta)ces  place  through  the  recognition  of  a special  molecular 
configuration  of  the  'arthropodin'. 

In  phenomena  of  this  sort  (see  also  Scheltema,  1963), 
which  often  imply  a precise  specificity  of  action,  genetic 
factors  must  necessarily  be  involved.  Doyle  (1975)  recent- 
ly attempted  to  construct  a theory  of  'habitat  selection 
in  varying  environments',  especially  concerning  the  settle- 
ment of  planl<tonic  larvae  of  sessile  marine  invertebrates. 
With  the  objective  of  predicting  whether  larvae  will  exhi- 
bit habitat  preferences,  settlement  behavior  is  treated  as 
a Marl<ov  chain  in  which  the  transition  probabilities  are 
the  probabilities  of  encountering  a substrate,  of  metamor- 
phosing on  it,  of  surviving  to  the  adult  stage,  or  of 
dying  in  the  plan)cton.  The  model  is  illustrated  by  the 
results  of  observations  on  the  serpulid  tube-worm 
Spii'Oi'bis  borealis . The  relative  attractiveness  of  fucoid 
algae  as  substrates  for  larvae  is  shown  to  differ  between 
populations  of  Spirorbis . Knight-Jones  et  al . (1971) 
believe  that  these  interpopulation  differences  in  Spirorbis 
might  not  be  due  to  a non-genetic  'conditioning'  of  the 
larvae  during  embryogenesis . But  even  if  the  genetic  as- 
pects of  preferential  settlement  have  not  yet  been  studied 
experimentally,  a possible  clue  to  the  problem  is  provided 
by  the  variety  of  investigation  tools  available  today  to 
the  marine  ecologist.  It  will  thus  be  possible  to  test 
Hoyle's  predictions  concerning  patterns  of  dominance  and 
additive  genetic  variation  in  preferential  settlement  of 
larvae.  A proper  utilization  of  electrophoretic  techniques 
might  also  permit  us  to  evaluate  the  extent  to  which  the 
structure  of  the  fouling  community  depends  on  the  genetic 
structure  of  the  constituent  species. 

Another  important  aspect  of  the  fouling  community 
lies  in  its  possible  utilization  as  an  indicator  of  environ- 
mental quality  (Relini,  Barbaro  and  Francescon,  1972). 
According  to  Redfield  and  Deevy  (1952),  this  community  may 
be  regarded  as  a climax  which  is  characteristic  of  the 
particular  substrate  and  locality.  In  other  words,  its 
structure  may  reflect  the  changes,  natural  as  well  as 
artificial,  to  which  the  environment  is  subject  in  time 
and  space.  It  is  reasonable  to  assume  that  what  applies 
to  the  community  as  a whole,  applies  also  to  its  species 
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members,  wliose  genetic  make-up  may  be  exfjected  to  reflect 
selective  environmental  changes.  Some  benthic  sessile 
organisms,  such  as  provide  a most  favorable  mater- 

ial for  studies  aiming  to  establish  if  and  to  what  extent 
a particularly  deteriorated  environment  may  affect  the 
genetic  structure  of  its  populations.  Research  of  tliis 
kind  is  now  being  carried  out  in  our  laboratory,  ai-id  the 
first  results  appear  quite  promising. 

Other  bentliic  organisms,  such  as  ; I’nma  i-u.-  , Tii-br , or 
i'cit!,  could  also  be  utilized  for  detecting  the  possible 
development  of  genetically  induced  tolerance  to  certain 
pollutants.  A few  years  ago,  Bryan  and  Hammerstone  (1971) 
studied  the  adaptation  of  the  polychaete  .Ver.f.'i  divi:  re  l- 
■jlor  to  estuarine  sediments  containing  high  concentrations 
of  copper.  High  copper  animals  survive  in  polluted  areas 
because  t)iey  have  developed  a tolerance  to  the  toxic 
effects  of  copper  which  is  neither  readily  lost  nor  readily 
acquired  by  non-tolerant  animals.  The  situation  is  similar 
to  that  found  on  old  mine  dumps,  where  populations  of  metal 
tolerant  land-plants  have  evolved.  McNeilly  and  Bradshaw 
(1968)  were  able  to  demonstrate  the  genetic  nature  of  this 
acquirea  'olerance  to  copper  in  Ajroeti!'  cer.uic. 

In  conclusion,  tlie  investigations  reviewed  above  are 
examples  cf  the  growing  importance  of  a multidisciplinary 
approach  for  a better  understanding  of  the  factors  govern- 
i no  tiie  origin  and  evolution  of  fouling  communities. 

These,  at  the  same  time,  provide  a new  tool  for  tackling 
a variety  of  problems  which  require  for  their  solution 
observations  in  nature  combined  with  laboratory  experimenta- 
tion. 
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INTRODUCTION  AND  BACKGROUND 

There  is  a large  and  widely  scattered  literature  on  the 
development,  morphology,  physiology,  and  behavior  of  marine 
invertebrate  larvae.  Investigators  have  frequently  noted 
intra-  and  interpopulation  variability  in  these  traits  and 
have  ascribed  this  variability,  in  part,  to  genetic  differ- 
ences. Although  such  oblique  references  to  larval  genetics 
are  common,  there  are  at  present  very  few  papers  on  larval 
genetics  outside  of  the  specialized  literature  of  shellfish 
mariculture.  I shall  use  the  dearth  of  primary  literature 
as  license  to  broaden  the  scope  of  this  review  to  general 
problems  of  marine  genetics  and  dispersal. 

The  genomes  of  organisms  have  always  been  regarded  as 
black  boxes,  and  for  good  reason:  one  can  study  morphology 

if  one  has  only  the  animal,  physiology  if  one  has  the  living 
animal,  but  genetics  only  if  the  animal  will  cross  and  re- 
produce in  the  laboratory.  The  few  marine  invertebrates 
with  which  controlled  crossing  has  been  achieved,  such  as 
Dr.  Bruno  Battaglia's  Tzsbe,  have  yielded  much  valuable 
information.  Although  there  is  no  substitute  for  the  genet- 
ic dissection  of  organisms  by  controlled  crosses,  linkage 
study,  and  karyotype  analysis,  much  can  be  learned  from 
allozyme  studies  of  organisms.  Allozymes  are  protein  mo- 
bility variants  on  electrophoresis  gels  resulting  from 
mutational  alterations  of  the  corresponding  structural  genes. 
Allozyme  patterns  are  translatable  into  single-locus  ge- 
notypes of  individuals,  and  these  in  turn  are  pooled  into 
the  basic  parameters  of  population  genetics,  the  frequencies 
of  genotypes  and  alleles  in  populations.  Since  the  incep- 
tion of  allozyme  studies  over  a decade  ago,  it  has  been 
possible  to  extract  genotypes  of  up  to  about  thirty  protein 
loci  from  genome  black  boxes. 

Larvae  are  prereproductive  individuals  by  definition 


'•  85 

r 


I 


r 


and  so  are  a step  removed  from  the  fundamental  process  of 
microevolution,  the  differential  reproduction  of  phenotypes 
and  correlated  genotypes.  This  does  not  reduce  their  im- 
portance in  adaptation  and  evolution.  The  unconscious 
supposition  that  a larva  is  only  the  unformed  precursor  to 
the  adult  organism,  like  the  acorn  to  Aristotle's  oak, 
will  not  stand  e.\amination . All  stages  of  the  life  cycle 
are  equally  fciced  with  adaptatiori  to  the  immediate  cuivi- 
ronmerit  while  simultaneously  fulfilling  functions  that  have 
adaptive  meaning  only  to  later  stages.  Thus,  adults  con- 
sume energy  re.serves  in  manuf actur irig  gametes;  and  disper- 
sing larvae  experience  mortality  i.r.  locating  substrates 
suit. able  for  adult  feeding,  growth  and  reproduction. 

Species  with  planktotrophic  larvae  arc  temporally  poly- 
1 rnorphic,  with  the  larval  stages  as  t.ho  agents  of  dispersal 

and  the  adult  as  the  reproductive  stage.  This  functional 
division  of  the  life  cycle  moan.s  that  the  ur.it  processes  c-f 
evolution  act  somewhat  differently  i.n  larvae  and  in  adults. 
The  most  important  of  these  prccess.es  are  recognized  as 

(i)  mutation,  (ii)  random  drift,  (iii)  migration  and  gone 
flow,  and  (iv)  natural  selection. 

(i) .  Larvae  are  not  the  progcnit.or.s  of  mutations 
except  those  occurring  in  the  rudiments  of  gcrir.inal  tissue, 
and  tiiey  do  not  transmit  mutations.  However,  the  adaptcibi- 
lity  of  a new  mutation  is  first  tested  by  the  larvae, 
provided  the  mutant  locus  is  functional  at  that  stage. 

(ii) .  Random  drift  varies  inversely  with  popuiatior 
size,  whereas  the  local  population,  si.se  of  a species  is 
usually  at  its  peak  shortly  following  reproduction.  Dis- 
persal and  mortality  may  decrease,  the  larval  density  so 
much  that  new  habitats  are  colonized  by  a fcv.’  individiiels 
each.  Aggregative  tendencies  of  Inrv'ae  or  their  attracuicn 
tc  specific  habitats  or  conspecific  adults  oppose  this 
attenuation.  Small-scale  colonization  brings  about  dri.ft 
by  the  founder  principle,  the  random,  altcraticn  of  gene 
frequencies  due  to  the  sampling  error  arising  in  the 
founding  of  a small  gene  pool  from  one  much  larger.  There 
will  also  be  a loss  of  heterozygosity  amounting  to  about 
the  fraction  ’■  Ng  during  the  foundation,  episode,  where  Ng 

is  the  number  of  effectively  (and  randotily)  breeding  cc~ 
lonists  (Crow  and  Kimura,  1970)  . 

(iii) .  Marine  laj  vae  are  functioiially  analogous  to 
plant  propagules.  They  additionally  may  be  s£;lf-sust  ciinirig 
(planktotrophic  larvae)  and  exercise-  sonie  c hoice  of  settl  mg 
site.  In  dispersing  animal  species  it  is  normally  t)ie 

j I young  prereproductive  animals  that  migrate  (Wilson,  1975) . 

i This  is  undoubtedly  an  evolved  resp^onse,  since  these  in- 

' ‘ dividual s have  the  highest  reproductive  value.  The  re- 

I productive  value,  v^,  is  the  relative  nunibei  of  female 
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offspring  that  romain  to  be  horn  to  each  female  of  age  x, 
and  is  calculated  from  age-specific  survivorship  and  fer- 
tility rates.  The  Vx  in  dispersing  species  would  probably 
bo  at  its  highest  in“settling  larvae  which  had  already 
experienced  the  severest  mortality,  but  had  not  yet  begun 
reproduction . 

(iv).  Natural  selection  operates  from  the  time  of  ga- 
mete formation  until  the  Vx  o-  survivors  reaches  zero. 
Through  mortality,  selection  acts  negatively,  as  a culling 
agent  of  phenotypes  and  genes.  This  is  the  only  mode  of 
selection  in  larvae,  which  can  only  be  conservators  of  genes. 
Among  surviving  adults  there  will  be  variance  in  genetic 
adaptability  which  will  result  in  variance  in  transmission 
of  genes  to  the  next  generation.  This  more  positive  aspect 
of  natural  selection  applies  to  genes  but  not  to  genotypes 
which  are  broken  down  into  constituent  genes  and  linkage 
groups  in  meiosis  of  dioecious  and  outcrossing  monoecious 
organisms.  On  the  other  hand,  much  or  all  of  the  success- 
ful parental  genotype  can  be  passed  on  intact  in  asexual 
reproduction,  thelytokous  parthenogenesis,  and  self- 
fertilization  . 

On  the  whole,  parthenogenesis  and  selfing  are  subsid- 
iary to  bisexuality  in  marine  invertebrates  (reviews  of 
marine  reproduction  in  Gardiner,  1971,  and  White,  1973). 

This  means  that  the  survival-tested  parental  genotypes  are 
not  conserved.  From  this  fact  it  has  been  inferred  that 
temporal  variability  of  the  parental  environment  makes  it 
an  uncertain  predictor  of  reproductive  success  of  offspring 
(Williams,  1975).  A better  strategy  is  to  couple  the  vari- 
ability generating  feature  of  sexual  reproduction  to  the 
dispersal  capabilities  of  larval  migration  to  maximize  the 
number  of  habitats  occupied  and  improve  the  match  between 
some  of  the  new  genotypes  and  their  environment.  Many  mem- 
bers of  the  fouling  community,  such  as  sponges,  hydro ids, 
bryozoans,  and  ascidians,  employ  a double  strategy  by  which 
the  Original  genotypes  are  extended  spatially  in  situ  by 
colony  formation  while  long  range  colonization  is  by  larvae 
resulting  from  sexual  reproduction  (Williams,  1975). 

Mutation,  drift,  gene  flow,  and  natural  selection  in- 
teract to  effect  evolutionary  change.  At  the  present  time 
it  is  not  known  whether  evolution  is  brought  about  princi- 
pally by  the  cumulative  changes  at  many  independent  loci, 
or  by  non-additive  multi-locus  epistatic  effects.  There  is 
some  evidence  in  vertebrates  that  changes  at  regulatory 
rather  than  structural  loci  are  most  significant  in  evolu- 
tion (King  and  Wilson,  1975;  Wilson,  Maxson  and  Sarich, 

1974) . Operationally,  population  biologists  assume  that 
the  unit  process  in  evolution  is  a change  in  allele  frequen- 
cy at  single  loci.  This  level  plus  the  investigation  of 
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linkage  or  selective  association  of  alleles  at  a few  loci  is 
all  that  can  be  handled  in  allozyme  genetics  studios.  This 
is  also  the  level  of  this  review. 

Mutation  is  too  slow  a process  to  figure  importantly  in 
short-term  genetic  studies  of  natural  populations.  Random 
drift,  gene  flow,  and  natural  selection  can  be  very  impor- 
tant over  single  generations.  The  magnitude  of  drift  is  a 
function  of  population  size  and  breeding  structure,  that  of 
effective  gene  flow  is  a function  of  the  proportion  of 
migrants  and  genic  differences  between  exchanging  popula- 
tions, and  that  of  natural  selection  is  a function  of  the 
fitness  variance  in  the  population  (Fisher's  fundamental 
theorem,  1930).  The  effects  of  genetic  drift  are  to  dimin- 
ish genetic  variability  within  populations  (by  i^Ne/genera- 
tion)  and  to  genetically  differentiate  non-exchanging  neigh- 
boring populations.  Both  effects  are  expressed  by  £,  the 
inbreeding  coefficient  of  a population  and  the  variability 
of  gene  frequencies  among  subdivided  populations.  A 
measure  of  the  latter  calculatable  in  allozyme  studies  is 
the  ratio  of  variance  of  allele  frequencies  among  popula- 
tions to  the  theoretical  variance  if  all  populations  were 
fixed  for  one  allele  or  another  (Lewontin,  1974). 


2 

0 


p (l-p) 

£ is  the  mean  value  of  the  frequency  of  £ over  populations. 

Migration  and  gene  flow  reduce  the  rate  of  subdivision 
by  drift.  At  equilibrium  between  migration  and  drift 
(Wright,  1940) : 

£= 1 

l+4Nem 

where  m is  the  proportion  of  genes  received  each  generation 
from  an  infinite  pool  of  genes.  Practically,  this  formula 
is  difficult  to  use  because  Ne  and  m are  likely  to  be  un- 
known. Originally  Wright  (19T0)  utilized  this  formula  in 
his  island  model  of  migration,  in  which  all  "islands"  or 
clusters  of  animals  exchange  genes  equally  with  all  others 
and  the  population  size  of  each  island  is  identical.  These 
requirements  are  clearly  unrealistic  for  marine  larva. 

There  is  also  a family  of  continuous  models  of  migration 
and  drift  in  which  a single  continuous  population  of  con- 
stant standing  density  of  1-,  2-,  or  3-dimensions  is 
assumed,  and  stepping-stone  models,  which  envision  equal- 
sized population  clusters  strung  out  linearly  or  at  nodes 
of  a rectangular  lattice  exchanging  migrants  isotropically 
in  one  or  more  dimensions  with  adjacent  populations  only. 


88 


f: 


r 


Variant  models  also  include  a long  distance  migration 
parameter.  Kimura  and  Weiss  (1964)  give  tlie  follov/ing 
formula  for  gene  frequency  variance  over  populations  in  a 

1- dimensional  stepping-stone  model,  with  m as  short-dis- 
tance migration  and  m„  as  a lower  rate  of  long-distance 
migration: 

°P=  _ .. 

i + 4 N , ; '/2m  m uu 

Natural  populations  will  not,  of  course,  be  of  equal 
size  nor  will  migration  be  isotropic.  Dimensionality  will 
also  not  be  a whole  integer.  The  latter  can  be  estimated 
by  counting  the  number  of  populations  within  each  con- 
centric radius  r from  an  initial  population  (Cavalli- 
Sforza  and  Bodmer,  1971).  The  number  of  populations  will 
be  independent  of  r in  a 1-dimensional  distribution,  but 
will  be  an  exponential  function  of  r in  multi-dimensional 
arrays.  The  number  of  dimensions  will  be  the  exponent  of 
r plus  1.  In  the  Parma  Valley  of  northern  Italy,  the 

2- dimensional  model  gives  the  best  fit  to  village  distri- 
butions of  humans,  but  dimensionality  is  intermediate 
between  1 and  2 at  high  altitudes  (Cavalli-Eforza  and 
Bodmer,  1971).  In  the  sea, dimensionality  is  doubtless 

' greater  on  the  continental  shelf  than  in  narrow  estuaries 

' li)ce  Chesapealte  Bay.  In  stepping-stone  models  genetic 

correlation  falls  off  with  distance  least  rapidly  in  the 

3- dimensional  distribution  and  most  rapidly  in  the  1-di- 
mensional  distribution. 

The  migration  formulas  maJce  too  many  simplifying 
* assumptions  to  be  helpful  to  marine  biologists,  except  in 

a general  way.  They  do  have  potential  utility.  Of  the 
parameters  £,  £,  N^,  and  m,  £ and  £ can  be  routinely  de- 
termined for  several  loci  by  allozyme  electrophoresis.  It 
should  be  possible  to  approximate  Ng  in  some  cases,  leaving 
m,  the  proportion  of  migrants,  determinable  from  the  amount 
of  genetic  differentiation  among  populations.  However, 
the  assumption  must  be  made  that  natural  selection  has  no 
effect  on  gene  frequencies,  and  this  assumption  is  present- 
“ ly  unwarranted. 

If  allozyme  alleles  are  alil^e  in  adaptive  value  they 
are  selectively  neutral.  Their  utility  in  population 
< studios  would  then  be  as  neutral  mariners  for  the  action 

, of  drift  and  migration.  If  they  are  unlilie  in  adaptive 

value  they  will  be  selectively  discriminated  by  tlie  cn- 
>■  vironment  and  they  lose  much  of  their  value  as  markers. 

For  example,  an  allele  that  has  a uniformly  high  adaptive 
value  over  several  populations  will  resist  drift,  and  the 
variance  of  gone  frequency  over  tlie  populations  will  be 
smaller  than  t)ie  Ng  would  predict.  On  the  other  hand,  if 
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tne  adaptive  value  of  the  allele  is  hiyhly  variable  among 
populations,  rapid  genic  differentiation  will  result, 
mimicing  the  effects  of  I'apid  drift  and  low  migratioj; 
rate.  Since  drift  ana  migration  inevitaoiy  affect  all  loci 
of  the  genome  at  which  gene  frequencies  differ,  while 
selection  may  act  differently  locus-by-locus,  it  is  oc- 
casionally feasible  to  determine  if  selection  is  operating 
or  not.  Nevertheless,  the  usefulness  of  polymorpnic  allo- 
zyme  loci  would  be  greatly  clarified  if  it  was  known 
whether  most  alleles  were  neutral  or  selected.  There  is  a 
burgeoning  literature  on  neutralist  versus  selectionist 
interpretations  of  allozyme  polymorphisms,  and  it  would  be 
inappropriate  to  pursue  this  subject  here.  Most  field  and 
experimental  evolutionists  are  selectionists  by  inclination 
and  they  have  assembled  considerable  evidence  tor  genetic 
patterns  in  nature  that  support  their  view. 


MEASURES  OF  GENETIC  DISTANCE  AND  SIMILARITY 


When  two  populations  are  compared  at  an  allozyme  locus, 
they  may  show  any  amount  of  genetic  difference.  Statis- 
tically non-significant  differences  in  allele  frequencies 
indicate,  of  course,  no  detectable  differentiation. 

Higher  levels  of  differentiation  are  indicated  by:  (1) 

identical  alleles  present,  but  at  significantly  different 
frequencies;  (2)  partially  non-overlapping  suites  of  al- 
leles present?  and  (3)  no  alleles  in  common.  Several 
coefficients  or  indices  of  genetic  distance  have  been 
formulated  to  express  differentiation  usually  on  a numerical 
scale  from  one  to  zero.  Of  the  commonly  used  coefficients 
two,  those  of  Rogers  (1972)  and  Nei  (1972),  utilized  allele 
frequencies  and  one,  that  of  Hedrick  (1971),  is  based  on 
genotype  frequencies.  Allele  frequencies  are  more  appro- 
priate for  estimating  evolutionary  distance  (as  predicated 
on  shifts  in  frequency  and  substitution  of  alleles)  within 
and  between  taxa.  Genotype  frequencies  better  reflect 
actual  gene  distributions  over  an  area,  and  additionally 
take  into  account  the  breeding  structures  of  the  popula- 
tions. For  example,  all  indices  work  well  for  loci  in 
Hardy-Weinberg  equilibrium  for  which  their  mutual  cor- 
relation coefficients  are  high  (about  0.97;  Hedrick,  1975), 
but  only  the  Hedrick  index  is  sensitive  to  departures  from 
the  H-W  equilibrium,  indicating  possible  inbreeding  or 
migration.  The  Hedrick  index,  by  way  of  example,  is  given 
below: 


Ix-y= 
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Pj^-x  is  the  frequency  of  the  j^th  qenotyoe  in  pooulation  x, 
and“the  number  of  genotypes  is  n. 

Indices  of  genetic  similarity  are  usually  presented 
in  a N X N matrix.  Generally  the  indices  of  all  ooly- 
morpiiic  loci,  or  even  monomorphic  loci,  are  pooled  to  give 
the  best  estimates  of  genetic  distance.  As  Hedrick  (1975) 
points  out,  this  procedure  loses  much  information  because 
patterns  of  different  loci  arc  often  discordant  over  the 
same  geographic  range. 


THE  RELATION  OF  ALLOZYME  AND  PHENETIC  DIFFERENTIATION 

Surveys  of  15-30  protein  loci  have  been  completed  in 
dozens  of  vertebrate  and  invertebrate  species  in  order  to 
obtain  estimates  of  genetic  variability.  At  tlie  present 
time  the  most  comprehensively  examined  groups  are  man  and 
the  other  primates,  small  rodents,  some  salamanders  and 
lizards,  and  species  of  Drosophila . Among  marine  inverte- 
brates, ''.utilus  (Boyer,  1974;  Koehn  and  Mitton,  1972; 
Levinton,  1973  and  several  studies  pending;  Milkman  and 
Beaty,  1970;  Mitton,  Koehn,  and  Prout,  1973),  and  to  a 
lesser  extent  Littorina  (Berger,  1973;  Gaines,  Caldwell 
and  Vivas,  1974;  Snyder  and  Gooch,  1973),  the  ectoproct 
Sahin.ororella  (Gooch  and  Schopf,  1970;  Gooch  and  Schopf, 
1971;  Schopf,  1973)  and  the  polychaete  Capitella  (Grassle 
and  Grassle,  1974)  are  best  characterized. 

The  proportion  of  polymorphic  allozyme  loci  in  in- 
vertebrate populations  ranges  between  25  to  75  percent 
(Avise,  1974).  Drosophila  studies  weight  these  estimates 
heavily,  but  they  are  probably  substantially  correct  for 
marine  invertebrates.  Range-restricted  small  populations 
cut  off  from  gene  flow  and  probably  inbred  show  lower 
levels  of  genetic  variability  (Avise  and  Selander,  1971); 
W-'bster,  Selander  and  Yang,  1972).  Other  generalizations 
for  invertebrate  genetic  patterns  are  that  monomorphic 
populations  are  usually  fixed  for  the  same  allele  through- 
out the  species  range,  and  that  variance  in  allele  fre- 
quencies over  populations  tends  to  be  lower  in  inverte- 
brates than  in  vertebrates  (Avise,  1974)  . Acceptance  of 
these  conclusions  should  be  tempered  by  the  realization 
that  most  geneticists  regard  Drosophila  as  the  "typical" 
invertebrate  and  extrapolate  accordingly. 

Avise  (1974)  also  tabulates  average  values  of  Rogers' 
coefficient  of  genetic  similarity  of  conspecific  and  con- 
generic populations  for  11  genera  of  vertebrates  and  1 of 
invertebrates  {Drosophila) . Coefficients  range  between 
.75  and  .98  for  conspecific  populations  and  .21  and  .84 
for  congeneric  populations.  Clearly  there  is  general 


parallelism  between  allozyme  yenetic  distance  and  deyroe 
of  separation  based  on  phenetic  or  breediny  criteria. 
Nevertheless,  there  is  no  one  value  that  indicates  the 
threshold  of  speciation,  and  the  conspecific  and  con- 
generic indices  do  overlap  somewhat. 

If  indices  of  genetic  distance  regularly  correlated 
with  phenetic  differentiation  allozyme  methods  could  be 
used  with  confidence  in  studies  of  evolution  and  taxonomy. 
In  the  Dposophila  willistoni  complex  of  species,  al lozyme 
differences  have  served  to  distinguish  sibling  species 
(Ayala  and  Powell,  1972;  Ayala  and  Tracy,  1973).  The 
ectoprocts  Bugula  s tononi  f era , B.  simplex,  and  B.  tufi'itu 
from  Cape  Cod,  Massachusetts  (Gooch  and  Schopf , 1970,  and 
unpublished)  show  moderate  phonetic  differences,  but  their 
protein  patterns  of  esterase,  and  malate  dehydrogenase 
gels  are  quite  unlike  (Fig.  1).  In  these  examples  genetic 
differentiation  at  the  protein  loci  exceeds  phenetic 
differentiation . 

Protein  patterns  for  the  species  pair  of  wharf  crabs 
Besai‘ma  oineveurn  and  S.  retiaulatuin  at  10  loci  generally 
show  small  mobility  differences,  indicating  that  at  the 
majority  of  loci  the  two  species  are  fixed  or  segregating 
for  different  alleles  at  homologous  loci  (Fig.  1).  A few 
alleles  are  shared  by  the  species  (Gooch,  sulamitted  for 
publication).  Here,  smal.  ohenetic  differences  are 
paralleled  by  approximately  equivalent  genetic  differences. 

Several  recent  studies  have  shown  that  phenetic 
differentiation  can  also  greatly  outstrip  genetic  dif- 
ferentiation. M.  S.  Johnson  (1975)  investigated  allozyme 
variation  in  3 species  of  fish  of  the  genus  .'ienidia 
(Teleostei,  atherinidae) , Menidia  rnenidia,  M.  berjllina 
and  ■ eninsulae  along  an  extensive  Atlantic  Coast  tran- 
sect of  North  America.  At  least  2 of  the  3 species  are 
sympatric  over  much  of  the  range  between  New  England  and 
Texas,  and  the  author  tested  for  concordant  variation  to 
salinity  and  tempeiature  gradients.  To  summarize  a good 
deal  of  complex  data,  alleles  at  some  loci  in  some  species 
comparisons  varied  concordantly  but  most  did  not.  More  to 
the  immediate  point,  M.  menidia  is  quite  variable  phen- 
etically  over  the  transect,  but  there  is  much  less  genetic 
variation.  M.  berytlina , on  the  other  hand,  is  more  var- 
iable in  allozyme  frequencies  than  phenetical ly . Protein 
genetic  differences  cannot  be  used  as  a reliable  predictor 
of  phenetic  difference?  in  the  genus. 

More  striking  is  the  study  of  B.  J.  Turner  (1974)  on 
5 species  of  the  genus  Cyprinodon  (pupfish)  inhabiting 
mostly  disjunct  streams  and  lakes  of  widely  varying  tem- 
perature and  salinity  of  eastern  California  desert  basins. 
The  species  of  pupfish  are  all  readity  distinguishable  in 
meristic  and  quantitative  traits,  dentition  and  behavior. 
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MDH  MDH  GOT  PGM  PGI  EST 


Fig.  1.  Typical  enzyme  mobility  patterns  for  congeneric 
species.  Malate  dehydrogenase  (MDH)  patterns  are  composed 
of  similar  elements  with  strikingly  different  mobilities  in 
the  Bryozoans  Bugula  tstolonifeva  (A),  B.  turrita  (B)  , and 
?.  simp  Lex  iC)  . The  brachyuran  crabs  Seaarma  oinereum  (C) 
and  S.  i-e  ticfulatum  (R)  differ  only  slightly  in  mobility  at 
malate  dehydrogenase  (MDH) , glutamate  oxaloacetate  trans- 
aminase (GOT) , phosphoglucomutase  (PGM) , phosphoglucose 
isomerase  (PGI),  and  esterase  (EST)  loci. 


Fig.  2.  The  Balanus  transect  from  Fort  Macon  to  the  New- 
port River  near  Beaufort,  North  Carolina.  Localities  are 
given  in  Table  2. 


Protein  phenotypes  for  Jl-38  inferred  loci  were  determined 
in  all  species  and  many  proved  to  be  identical.  The 
indice.s  of  ijenetic  similarity  in  the  species  matrix 
rarn_ietl  between  .808  and  .968  ; indices  were  simply  a pro- 
portionality of  allele-divergent  to  allele-same  compari- 
sons, which  should  yield  values  fairly  similar  to  those  of 
the  Rogers'  index,  (Yang,  Wheeler  and  Bock,  1972).  Those 
interspecific  coefficients  are  in  the  middle  of  the  intra- 
species range  as  given  by  Avise  (1974),  and  again  show 
tliat  range  disjunction,  phenetic  differentiation,  and 
speciation  can  occur  without  much  differentiation  at 
protein  loci. 

A last  example  is  that  of  the  land  snail  of  the  genus 
Cet'ion  investigated  near  the  settlement  of  Pongo  Carpet  on 
Great  Abaco  in  the  Bahamas  (Gould,  Woodruff  and  Martin, 
1974).  Cevion  is  famous  for  its  extreme  phenetic  diversity 
on  islands  of  the  West  Indies.  It  seemingly  has  undergone, 
as  Gould,  et  at.  put  it,  "protean  speciation",  with  over 
300  species  reported  from  the  Bahama  Islands  alone  (Clench, 
1957).  An  undescribed  population  isolate  of  snails  near 
Pongo  Carpet  was  phenetically  quite  different  from  C. 
bt-ndalli  over  a kilometer  distant.  It  initially  seemed 
deserving  of  specific  status.  When  subjected  to  complex 
multivariate  analysis  of  19  morphological  attributes  of 
the  shell  and  to  an  electrophoretic  comparison  of  18  pro- 
tein loci,  no  sharp  differentiation  was  found.  The  mor- 
phometric study  revealed  an  essentially  clinal  gradient  of 
characters,  and  the  genetic  data  gave  evidence  of  virtually 
no  differentiation  (Nei  index  of  similarity  of  0.98-0.99). 
The  authors  concluded  that  the  Pongo  Carpet  population,  in 
spite  of  its  phenetic  distinctiveness,  is  only  a geographic 
variant  of  C.  bendalli . Their  study  also  throws  doubt  on 
the  legitimacy  of  the  hundreds  of  described  species  in 
this  genus.  Here  the  situation  is  exactly  opposite  of 
that  in  Drosophila  willistoni ; morphologically  sibling 
species  may  possess  marked  underlying  genetic  differences, 
while  conversely  there  may  exist  enormous  phenetic  diver- 
sity in  some  species  without  accompanying  genetic  differ- 
entiation. That  phenetic  and  structural  genic  evolution 
and  even  speciation  are  not  always  closely  coupled  is  an 
important  recent  finding  of  geneticists.  It  seems  in- 
creasingly likely  that  evolutionary  changes  are  mediated 
primarily  by  regulatory  rather  than  structural  loci 
(Wilson,  Maxson  and  Sarich,  1974)  . The  implication  for 
marine  genetics  is  that  the  Mendelizing  and  biochemically- 
detected  genes,  which  are  the  experimental  basis  of  the 
entire  evolutionary  literature,  this  review  included,  may 
be  of  only  secondary  importance  in  adaptation  and  evolution- 
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GKNETICS  OF  INVFRTKBRATE  LARVAE 

Thu  uxten.sion  of  protein  yenetics  to  larvae  woula  L.i? 
of  considerable  rnrcrost.  If.  would  th(.*ri  bo  poss.bl'i  to 
utilize  particular  alleles  as  fays  or  markers  of  popula- 
tions, and  to  follow  cohoria  of  rnaturiny  individuals  for 
systematic  shifts  in  allele  frequency  tiiat  'would  indicate 
the  operation  of  natural  selection.  As  was  stated  earlier, 
allozv.iie  alleles  should  best  serve  as  population  markers 
if  they  were  adaptively  neutral;  differences  bet'ween 
populations  'would  then  yive  information  about  the  amount 
of  miyration.  If  adaptive  values  of  yenotypes  vary  geo- 
yraphically  natural  selection  miyht  yive  rise  to  discon- 
tinuities or  Clines  between  populations  that  would  other- 
'..’isr  be  ascribed  to  low  gene  flow. 

One  s*-udy  ^f  the  American  eel,  Anguilla  po.-  t:^nt : , does 
suj  just  that-  selection  can  appreciably  alter  allei?  fre- 
quencies '..'ithin  a single  generation  'Williains,  Koehn,  and 
-Mitton,  1173;  . This  species  breeds  over  a small  ocear.ic 
area  and  '.n^  leptocephalus  larvae  are  current-dispersed 
to  the  A.Tcr.'^an  coast  from  northern  South  America  to  the 
•Arctic.  Larvae  subsequeiitly  metamorphose  into  elvers 
■which  then  enter  estuaries  and  coastal  streams.  Adults 
return  to  pool  their  gametes  in  the  sam.e  circumscribed 
area,  and  it  is  thought  that  larvae  are  unable  to  navigate 
to  specific  coastal  localities.  Five  polymorphic  loci 
were  investigated,  mainly  in  young  elvers,  in  populations 
from  Newfoundland  to  Florida.  Four  loci  showed  significent 
geographic  differences  in  allele  frequency,  3 clinal 
lati tudina lly , and  one  varying  unsystematically.  The  most 
common  allele  at  a phosphohexose  isomerase  locus  (PHI),  for 
e;-:an.ple,  varied  in  frequency  by  about  0.15  over  the  tran- 
sect. An  investigator  knowing  nothing  of  the  life  cycle  of 
uilla  might  suppose  that  the  PHI  cline  was  an  artifact 
of  isolation  by  distance  or  perhaps  was  established  selec- 
tively over  a long  period  in  response  to  the  latitudinal 
shift  of  environment.  If  the  life-cycle  of  the  eel  is 
correctly  understood,  however,  genetic  differentiation  must 
be  due  to  selection  over  each  single  generation.  Selection 
may  operate  primarily  on  larval  genotypes  during  the  long 
migration  to  the  coast  rather  than  in  situ  among  elvers  and 
adults;  evidence  on  this  point  is  lacking. 

The  blue  mussel,  y.-jtilus  edulis,  has  proved  to  be  a 
good  research  subject.  Relevant  papers  were  cited  in  an 
earlier  section.  Dr.  Jeffrey  Levinton  is  the  reigning 
mytilid  expert  and  he  will  report  his  findings  concerning 
eco-genetic  strategies  of  bivalve  species  under  different 
levels  of  environmental  heterogeneity  at  this  workshop.  I 
shall  briefly  review  the  recent  work  of  J.  F.  Boyer  (1974) 
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on  size-dependent  variation  at  the  LAP  (Leucine  amino- 
peptidase)  locus  in  populations  of  edulir,  on  Cape  Cod. 
This  species  segregates  for  three  LAP  alleles,  S,  M,  and  F 
(slow,  middle  and  fast  mobilities  on  gels)  throughout  its 
range  from  Nova  Scotia  to  North  Carolina.  Allele  fre- 
quencies are  Icnown  to  vary  appreciably  from  Long  Island 
to  north  of  Cape  Cod.  Boyer  sampled  large  populations 
of  mussels  of  different  size  classes  from  the  mouths  and 
intermediate  and  upstream  sites  of  2 tidal  streams  and 
obtained  allele  frequencies  at  the  LAP  locus.  Here  there 
are  no  direct  data  of  larval  allele  frequencies;  but  fre- 
quencies can  be  followed  in  small  (presumably  young  where 
environmental  severity  can  be  discounted)  to  large  (old) 
adults  in  the  same  locality.  Allele  frequencies  of  re- 
cently-settled individuals  should  reflect  parental  allele 
frequencies  after  subsequent  modification  by  selection  in 
the  larvae,  and  those  of  old  individuals  should  record  the 
selective  adjustment  to  the  local  site.  Since  larval 
dispersal  is  considerable,  most  settlers  will  not  have 
been  recruited  locally  and  may  not  be  well  matched  genet- 
ically to  local  conditions,  thus  accentuating  the  chances 
of  finding  (1)  size-specific  shifts  in  allele  frequencies, 
and  (2)  deviations  from  the  H-W  equilibrium  as  particular 
genotypes  drop  out.  The  frequency  of  S proves  to  be  homo- 
geneous over  all  populations  in  mussels  smaller  t.han 

15  mm.  There  is  increasing  heterogeneity  of  larger  size  , 
however,  with  both  streams  showing  a clinal  decrease  in 

£ upstream  in  larger  individuals.  Both  stream  mouth 
populations  show  increase  in  S and  both  upstream  popula- 
tions decrease  in  S with  increasing  mussel  size.  Natural 
selection  is  clearly  operating  although  it  is  impossible 
to  determine  whether  a specific  locus  is  selected  or  an 
Entire  linked  group  of  genes  in  a one-locus  study.  All 
population  samples  and  size  distributions  show  signif- 
j.cant  deficiencies  of  heterozygotes  (SM,SF,MF).  This  may 
..ndicate  inbreeding  or  it  may  be  due  to  mixing  of  genet- 
-cally  distinct  larval  populations. 

A direct  study  of  larval  genetics  was  made  on  the 
yanthid  crab  Rhithvopanopeus  haprisii  (Gooch,  recently 
submitted  for  publication) . This  small  estuarine  crab 
sheds  its  larvae  into  the  water  which  then  undergo  4 zoeal 
and  a megalops  stage  before  metamorphosing  into  advilts. 

T.ts  geographic  range  is  enormous,  extending  from  New 
Brunswick  south  to  the  Gulf  of  Mexico  and  possibly  to 
Brazil,  with  populations  also  reported  from  California 
and  the  Baltic  Sea  (literature  summarized  by  Costlow, 
Bookhout  and  Monroe,  1966).  Zoea,  megalops,  and  adult 
stages  were  obtained  from  3 stations  between  Maine  and 
North  Carolina  and  were  electrophoresed  and  stained  for 

16  protein  systems.  Third  and  fourth  instar  zoea  and 
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moqaiops  were  run  individually  accordiny  to  standard  pro- 
cedures, but  in  miniature:  starch  ribbons  2 mm  thick  and 
10  cm  long  were  utilized,  and  samples  wcro  applied  to  1 nm 
square  pieces  of  Whatman  #1  filter  paper. 

The  investigation  was  undertaken  to  help  clarify  throe 
problems:  (1)  the  technical  feasibility  of  allozyme  stud- 

ios of  i nv'er tebrate  larvae;  (2)  the  differences,  if  any, 
in  protein  patterns  of  larval  and  adult  stages;  and  (3) 
the  possible  differences  in  allele  frequencies  among  lat- 
itudinally  separated  populations.  In  answer  to  (1)  above, 
b stain  systems  yielded  well-resolved  bands  in  zoeae,  7 
systems  in  megalopa,  and  10  in  adults.  Based  on  this 
experience  I believe  that  organisms  down  to  about  0 . 5 mm 
in  diameter  can  be  used  successfully  in  allozyme  studies 
with  only  slight  modification  of  usual  methodology.  No 
doubt  the  threshold  can  be  lowered  if  special  micro-metliods 
are  employed.  Enzyme  systems  that  commonly  stain  well  in 
small  tissue  samples  of  animals  of  a variety  of  phyla  are 
phosphohexose  isomerase,  NAD-dependent  malate  dehydroge- 
nase, esterases,  phosphoglucomutase , leucine-aminopepti- 
dase,  and  (snake-venom  requiring)  peptidase. 

Band  patterns  were  also  identical  in  larval  and  adult 
H.  except  that  some  low-assay  systems  in  adults 

could  not  be  discerned  in  larvae.  This  result  is  some- 
what surprising,  since  the  genes  functional  in  adults  might 
be  different  from  those  in  larvae.  If  this  identity  is 
generally  true  of  invertebrates,  it  holds  promise  that 
larvae  taken  in  plankton  hauls  might  be  identifiable  to 
species  by  their  band  patterns. 

Except  for  a polymorphism  at  the  peptidase  locus  in 
t-he  intermediate  Chesapeake  Bay  population,  all  of  the  loci 
proved  to  be  monomorphic  for  the  same  allele  throughout 
the  transect.  Therefore,  almost  no  genetic  differentiation 
was  discovered,  and  any  index  of  genetic  similarity  based 
on  the  10  loci  would  be  near  1.00.  It  would  be  interesting 
to  discover  if  monomorphism  and  genetic  uniformity  pre- 
vails over  the  larger  range  of  P.  ’’..i  fi-isi  i , but  this  has 
not  been  attempted. 


GENETIC-GEOGRAPHIC  PATTERNS  IN  MARINE  SPECIES 

The  plotting  of  allele  frequencies  of  population 
samples  over  a transect,  as  for  coastal  or  estuarine  spe- 
cies, or  on  a 3-dimensional  map,  as  for  terrestrial  or 
oceanic  species,  will  usually  reveal  a geographic  pattern 
Allele  frequencies  may  be  relatively  homogeneous  region- 
ally, show  more  or  less  consistent  clinal  trends,  or  re- 
veal sharp  discontinuities.  Either  natural  selection  or 
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some  combination  of  drift  and  migration  can  be  made  to 
account  for  any  pattern  (Lewontin,  1973).  A dine,  for 
example,  can  represent  genetic  adjustment  to  a gradient 
of  shifting  adafjtive  values  or  it  can  be  a diffusion  path 
between  genetically  contrasting  populations.  Geograpiiic 
patterns  cannot  be  more  than  ; pima  facie  evidence  for 
selection  unless  the  correlation  between  allele  frequency 
a.nd  identifiable  environmental  parameter  is  extraordinarily 
close,  or  unless  selection  can  be  shown  to  be  operative  ii. 
a laboratory  analog  of  the  natural  environment. 

Drift  and  inbreeding  promote  population  subdivision, 
and  migration  and  gene  flow  retard  subdivision.  This  will 
be  true  whatever  the  effects  of  natural  selection,  and  so 
freely-exchanging  populations  will  normally  be  more 
genetically  homogeneous  than  those  with  weak  powers  of 
dispersal.  Allozyme  w'ork  to  date  suggests  that  good  dis- 
persers such  as  invertebrate  species  with  planktotrophic 
larvae,  are  less  genetically  differentiated  over  large 
distances  than  those  lacking  effective  means  of  dispersal 
(review  in  Gooch,  1974).  Dr.  Scheltema's  work  on  trans- 
oceanic migration  in  molluscan  larvae  (1971)  has  this 
import  also. 

An  example  of  a species  that  appears  to  be  genetically 
homogeneous  over  a long  coastal  transect  is  the  mud  s.nail, 
oh-soletus.  lAdults  of  this  species  oecur  abun- 
dantly on  intertidal  flats  of  the  Atlantic  Coast  of  .North 
America.  'J'here  is  a planktonic  larva  stage  of  perhaps  two 
wciiks  or  longer,  depending  on  water  temperature  anc  suit- 
ability oi  substrate  (Scheltema,  1961;  1965).  Snails 
collected  in  i96:-  -ind  l97J  proved  to  be  very  similar  i;. 
allele  ficgaenclb-s  at  a mu.,.acc  dehydrogenase  and  a .-iCi,- 
specific  pioteiii  locus  in  a transect  of  about  1000  km  fron 
Cape  Cod,  Massachusetts  to  beauioit.  North.  Caiclir.a  (Cooch, 
Blake  and  Knupp,  1972)  . The  Hedrick  index  of  genetic 
similarity  was  between  .67  and  .99  in  all  co.iipai  iso.nc 
(Snyder  and  Gooch,  1973).  The  terminal  points  and  one 
intermediate  locality  were  recollected  in  1972  and  two 
new  polymorphic  loci,  isocitrate  dehydrogenase  and  pep- 
tidase, were  scored.  The  allele  frequencies  of  the  4 ...oci 
are  given  in  Table  1 (Snyder  and  Gooch,  1971,  and  un- 
published data).  Borderline  significant  variation  c.xists 
in  some  inter-population  comparisons,  but,  on  the  whole, 
allele  frequencies  are  only  weakly  differentiated. 

Genetic  homogeneity  at  polymorphic  loci  may  be  main- 
tained by  uniformly  acting  selection  involving  some  kind 
of  net  heterozygote  superiority  (so  that  one  allele  does 
not  go  to  fixation)  or  by  migration.  The  selection 
hypothesis  becomes  less  tenable  as  the  environments  of  the 
populations  become  more  highly  differentiated.  In  the 
case  of  iV.  obsoletus,  snails  throughout  the  transect 
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Table  1 . 


Allele  frequencies  at  isocitral.c  uehydroyenase  (IDH)  , lac- 
iaue  dehydroqenase  (LDH;  , peptxdat.e  vbrJP;  , ana  nonspecific 
protein  U’T)  iocx  in  Natmc:fiui>  ^t-^cetuu.  The  localitiejs 
are  iioods  Hole,  Massachuse L is , Assateague,  Maryland,  and 
F>eaufort,  North  Carolina.  AlleJes  are  syir.bolizea  by  letters 
in  order  of  increasing  anodal  mobility  of  their  products 


Locus,  allele. 

and  sample 

Woods  Hole 

Assateague 

Beaufort 

size 

IDH  N 

(50) 

(42) 

(80) 

a 

. 760 

. 762 

.894 

b 

.240 

.238 

.106 

— 

— 

— 

LDH 

(50) 

(47) 

(77) 

a 

. 550 

. 574 

. 519 

b 

.450 

.426 

.461 

c+d 

.000 

.000 

.020 

— — 

— 

‘ 

PEP 

(49) 

(44; 

(80) 

a 

.041 

.057 

.119 

b 

.245 

.148 

. 237 

c 

.398 

. 557 

. 388 

d 

.245 

.091 

.206 

e+f 

.071 

. 147 

.050 

— 

PT 

(33) 

(47) 

(76) 

a 

. 697 

.660 

.730 

b 

. 303 

. 340 

.263 

c 

.000 

.000 

.007 
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■ encounter  a similar  environmental  range,  though  with  lower 

temperatures  at  all  seasons  in  the  north.  It  is  probable 

■ that  the  alleles  at  the  four  sampled  loci  are  insufficient- 
ly discriminated  by  selection  to  overcome  the  homogenizing 
effects  of  migration. 

During  the  summer  of  1973  my  student,  Mr.  Douglas 
Baker,  conducted  a survey  of  allele  frequencies  at  two  loci 
in  each  of  the  cirripede  species,  Balanuj  amphitf  i te 
amphitfite,  Balanur,  cburneus , and  Balanus  imppooiauts  from 
the  Beaufort  Inlet  to  the  head  of  the  Newport  River  estuary 
in  North  Carolina.  This  transect  is  only  about  18  km  long, 
but  the  environment  varies  from  nearly  normal  marine  at 
Beaufort  Inlet,  with  relatively  constant  salinity  and 
seasonal  variability  in  temperature,  to  widely  fluctuating 
estuarine  conditions  at  tiie  head  of  the  Newport  River.  In 
1956,  for  example,  salinity  varied  from  0.6  to  33.4''*/oo  at 
Cross  Rock,  which  is  station  5 of  Figure  2,  and  the  tem- 
perature varied  from  below  5°  C to  above  30°  C there 
{Wells,  1961).  This  range  of  conditions  is  comparable  to 
that  encountered  by  ilasoai'iuG  oiaole  tuB  over  its  much 
longer  transect.  In  amplitude  of  short-term  fluctuation, 
it  greatly  exceeds  that  of  the  snail. 

The  three  species  B.  'V", phi  trite  amphitrite , B. 
r ebuvneus  and  B.  improvioua  are  adapted  to  increasingly 

estuarine  conditions  in  the  order  above,  and  they  have 
overlapping  distributions  in  the  Newport  River  estuary. 

B.  anphitpito  amphitri te  is  dominant  at  the  Beaufort 
Inlet,  and  only  B.  imppoviaus  exists  in  the  Newport  River 
proper  (station  7).  Phosphohexose  isomerase  and  malate 
dehydrogenase  polymorphic  loci  were  surveyed  in  the  three 
, species  in  an  effort  to  find  systematic  changes  in  allele 

frequencies  or  differences  in  amount  of  genic  variability 
along  the  transect.  Table  2 summarizes  the  data.  First, 
inspection  shows  little  if  any  genetic  differentiation 
for  any  species  over  the  stations.  Second,  the  alleles, 
a - d,  which  are  probably  homologous  based  on  the  rank 
order  and  comparative  mobilities  of  their  enzyme  products, 
have  very  similar  frequencies  in  all  three  species.  B. 
amphitvite  amphitrile  a,b,  and  c MDH  alleles  at  Beaufort 
j Inlet  are  in  the  proportion  0:1.00:0.  In  S.  eburneus  in 

the  Newport  River  at  less  than  T'^/oo  salinity,  alleles 
a,b,  and  c are  proportionally  0:.80:.20.  In  other  word.s, 
j genetic  homogeneity  obtains  not  only  within  species  but 

also  to  some  degree  (Table  2)  between  species  over  an 
environmentally  differentiated  transect. 

The  nauplius  larvae  of  barnacles  are  very  abundant 
throughout  the  Newport  River  estuary  (Austin  Williams, 
pers.  comm.).  It  is  probable  that  migration  is  extensive 
and  that  local  populations  are  recruited  from  larvae  of 
highly  mixed  provenance.  If  each  species  is  regarded 
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Table  2 . 


. 


I 

I. 


Allele  frequencies  along  the  Beaufort  Inlet  - Newport  Kiver  transect  in 
3 species  of  Balanus.  Loci  arc  phospliohexose  isomeraso  (PHI)  and  malate 
dehydrogenase  (MDH)  . Data  not  available  for  P.  tm[jr‘ovisun  PHI.  Locali- 
ties are  (1)  Beaufort  Inlet  at  Fort  Micon,  (2)  Pivers  Island,  (3)  Core 
Creek,  (4)  Intracoastal  Waterway,  (5)  Cross  Rock,  (6)  Preacher  Point, 

(7)  Nowjxart  River,  proper. 

Species,  locus  LOCALITY 

allele  and 


sample  size  (N) 

1 

2 

3 

4 

5 

6 

B.  amphi trite 
amphi trite 

PHI  N 

(60) 

(63) 

(50) 

(52) 

(32) 

a + b 

.025 

.079 

.130 

.038 

.047 

c 

.900 

.873 

.830 

.875 

.922 

d 

.075 

.048 

.040 

.087 

.031 

MDH 

(46) 

(63) 

(50) 

(52) 

(31) 

a 

0 

.016 

.020 

.029 

0 

b 

1.000 

.984 

.980 

.971 

1.000 

c 

0 

0 

0 

0 

0 

B.  ebumeus 

PHI 

(78) 

(52) 

(51) 

(54) 

(61) 

a + b 

.019 

.020 

.019 

.065 

.074 

c 

.930 

.913 

.912 

.889 

.910 

d 

.051 

.067 

.069 

.046 

.016 

MDH 

(81) 

(50) 

(52) 

(61) 

(58) 

a 

.030 

.160 

.096 

.123 

.164 

b 

.908 

.840 

.904 

.860 

.836 

c 

.012 

0 

0 

.017 

0 

B.  impfovisus 


MDH 

(58) 

(39) 

(34) 

a 

.026 

0 

.029 

b 

.974 

.796 

.824 

c 

0 

.204 

.147 

l- 
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indiviiiudl ly , the  reasonable  Interpretation  of  these 
findings  is  that  miyration  is  of  sufficient  magnitude  to 
overwhelm  the  differentiating  action  of  natural  selection. 
Thus,  the  estuary  might  be  conceived  as  a small  universe 
conforming  to  Wright's  island  model  with  a particularly 
high  value  of  m.  This  may  be  the  case,  and  if  so,  the 
results  for  BaTanus  are  more  convincing  evidence  for  the 
prevention  of  genetic  differentiation  by  migration  in  the 
face  of  an  environmental  gradient  than  that  for  'iaa  sari  us 
obsol e tus . 

However,  if  the  similarity  of  frequencies  of  mobility- 
order  alleles  in  the  three  species  is  not  just  a remarkable 
coincidence,  it  indicates  that  natural  selection  must  be 
operative.  The  only  mechanism  that  can  maintain  genetic 
uniformity  across  species  is  selection  in  which  homologous 
alleles  have  similar  adaptive  values  regardless  of  the 
species.  Koehn  and  Mitton  (1972)  found  evidence  of  similar 
parallelism  in  frequencies  of  inferred  homologous  LAP 
alleles  in  Mytilus  edulis  and  Modiolus  demissus  on  Long 
Island.  The  consequence  of  this  interpretation  for  the 
barnacles  is  that  the  alleles  are  maintained  by  natural 
selection,  but  the  differences  in  turbidity,  pH,  tem- 
perature and  salinity  do  not  affect  their  adaptive  values. 
This  inference  is  based  solely  on  the  genetic-geographic 
pattern,  and  is  thus  more  suggestive  than  conclusive.  It 
does  point  out  the  kind  of  interesting  problems  that 
genetic  studies  of  marine  invertebrates  are  bringing  to 
light . 

The  areal  genetic  homogeneity  of  Nassarius  and 
Balanus  does  not  appear  to  be  typical  of  marine  inverte- 
brates. Most  studies  have  revealed  geographic  differen- 
tiation of  allele  frequencies  (e.g.,  the  citations  pre- 
viously made  on  My tilus , Littorina,  Sahisoporella  and 
Capitella)  . The  literature  to  date,  however,  suggests 
that  genetic  divergence  is  rarely  very  great  in  marine 
invertebrates.  Typical  is  the  investigation  of  the  man- 
grove periwinkle,  Littorina  angulif era , from  mangrove 
islands  off  southern  Florida  (Gaines,  1974).  Allele  fre- 


quencies at  an  esterase  locus  from  20  island  populations 
of  snails  were  statistically  non-homogeneous  (range  of 
most  common  allele  0.66-0.87).  The  populations  could  best 
be  described  as  modestly  subdivided  genetically,  without 
evidence  of  increasing  subdivision  with  distance  except 
along  a gradual  latitudinal  dine.  As  usual,  the  geo- 
graphic pattern  itself  provides  little  clue  to  the 
importance  of  selection,  drift,  or  migration  in  its 
establishment.  Also  as  usual,  the  amount  of  genetic 
heterogeneity  over  distance  is  rather  small.  The  liter- 
ature to  date  provides  very  few  examples  of  strong  genetic- 
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comparative  homoqene i ty  and  high  dimensionality  of  the  sea. 

JUVJ-IARV 

The  major  points  of  this  paper  can  be  summari:^ed  in  a 
few  statements : 

1.  Population  genetics  {.rovider.  a t!ieoretica]  frameworh 
for  marine  qenetics.  Its  mathematical  models  of  population 
subdivision  and  migration  apply  in  a (jeneral  way  to  marine 
situations . 

2.  The  fundamental  parameters  of  population  genetics, 
allele  and  genotype  frequencies,  arc  obtained  ratiiar  easily 
in  al lozymo-electrophornsi n studies.  A.lozymes  can  bo 
scored  in  organisms  at  least  as  small  as  crustacean  ]arva<*. 
The  ecological  genetics  of  a few  invertebrate  gener",  p?r- 
ticularly  y.jtilus,  is  being  actively  pursued. 

3.  A convenient  means  of  auancifying  genetic  differences 
is  by  means  of  indices  of  genetic  distance.  Evidence  tc 
date  shows  that  indices  are  usually  lower  congenerically 
than  conspec i f ically . This  rule  is  not  trustworthy  in 
specific  instances,  and  there  is  no  simple  relationship 
between  genetic  distance-  ard  phenetic  dif  ferenciatior . 

4.  Any  genetic-geographic  pattern  can  be  produced  by  so.me 
model  of  interaction  between  natural  selection,  genetic 
drift  and  migration.  Some  studies  of  marine  invertebrates 
prov'ide  strong  circumstantial  evidence  for  natural  selec- 
tion. Most  species  of  marine  invertebrates  appear  to  lie 
weakly  differentiated  genetically  over  wide  areas. 
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MIGRATION,  SELECTION  AND  GENETIC  DIFFERENTIATION  IN  MUSSELS 

J.S,  Leviiiton 

Department  of  Ecology  and  Evolution 
State  University  of  New  York 
Stony  Brook,  New  York  11794 


The  relationship  of  migration  and  selection  to  the 
genetics  of  marine  invertebrate  populations  is  a fundamen- 
tal problem  in  the  understanding  of  the  adaptive  signifi- 
cance of  modes  of  dispersal  and  the  evolutionary  potential 
of  genetic  variability  within  species.  I have  studied  the 
mussel  .'-tjtiLus  caLifornianus , and  determined  magnitudes  of 
geographic  differentiation  at  several  geographic  scales.  I 
have  also  determined  the  nature  of  microgeographic  varia- 
tion within  the  tidal  zone  and  the  dynamics  of  selective 
mortality  within  this  zone.  Two  enzyme  encoding  loci  have 
been  identified  and  employed  in  this  study  with  the  aid  of 
horizontal  starch  gel  eclectrophoresis  (leucine  aminopepti- 
dase,  E.C.  3. 4. 1.1  and  Glucose  phosphate  isomerase,  E.C. 

5.  3. 1.9)  . 

Four  sets  of  samples  were  tal<.en  over  four  scales  of 
geography:  Santa  Barbara,  California,  to  Torch  Bay,  Alaska 

(10“*  km);  Cape  Flattery,  Washington,  to  San  Juan  Island, 
Washington  (10^  km);  within  Tatoosh  Island,  Washington 
( 1 km  - over  the  entire  tide  zone);  and  at  a single  locality 
(10~2  _ the  same  tidal  height).  Differences  between  sam- 

ples are  as  great  within  Tatoosh  Island  samples  as  from 
Santa  Barbara  to  Alaska.  This  suggests  that  the  uniform 
environment  of  the  western  coastal  waters  of  North  America 
exerts  little  selective  thermal  gradient  and  that  isolation 
by  distance  is  probably  not  important  in  the  magnitudes  of 
genetic  differentiation  observed.  Over  the  same  latitudi- 
nal range,  the  blue  mussel,  M-jtilus  edulis  , shows  much 
greater  geographic  differentiation  of  the  east  coast  of 
North  America,  reflecting  the  stronger  thermal  gradient. 

The  nature  of  the  selective  processes  at  work  is 
indicated  by  many  correlations  of  allele  frequencies  and 
genotypic  frequencies  with  eighth  above  mean  low  water. 

These  differences  are  in  turn  correlated  with  size  of  in- 
dividuals within  the  population  (smaller  adults  are  found 
in  the  upper  intertidal  zone) . At  the  Leucine 
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jniinopepLiciase  locus  studied,  different  yenotypes  were  found 
to  ha>.’e  differing  size-frequency  distributions;  providing  a 
direct  rueans  by  wliich  size-specific  selection  could  exert 
chanyeo  yuue  frequencies  in  populations  through  physio- 
i ly.caJ  shock  and  size-selective  predation.  Studies  of 
spatfalls  in  successive  years  show  tiiat  gene  frequencies  do 
not  change  and  are  selectively  adapted  to  local  environments, 
arid  rhat  selecti.ve  mortality  occurs  at  enzyme  loci  between 
the  rettently  settled  juveniles  and  adults. 

Tnestt  suuuies  suggest  that  selection  maintains  enzyme 
polymorphisms  but  does  not  identify  the  mechanisms  by  which 
^fiven  enzv'i^'-^  genotypes  contribute  to  fitness.  Current  re- 
; tr-.i/ch  in  my  laboratory  involves  the  integration  of  physio- 
logical parameteis  with  genetic  variation  through  the  use 
of  clrissical  dosage-mortality  experiments;  transplants  in 
ti;o  field,  and  associated  studies  are  now'  being  conducted 
to  relate  these  experiments  to  kinetic  characteristics  of 
given  enzyme  phenotypes  and  specific  enzyme  activity  levels 
as  a functio.n  of  stress  conditions. 


REPRODUCTION  OF  MARINE  BIVALVE  MOLLUSCS: 
A REVIEW  OF  SOVIET  WORKS 
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V.  L.  Kasyanov  and  V.  A.  Kulikova 
Institute  of  Marine  Bioloqy,  Far  East  Science  Center 
Academy  of  Sciences  of  the  USSR 
Vladivostok,  USSR  690022 


There  is  no  need  to  discuss  the  importance  of  Bivalvia 
in  benthic  and  fouling  communities.  As  in  other  animals, 
the  process  of  reproduction  of  these  species  plays  a deci- 
sive role  in  the  formation  of  community  structure,  and  in 
the  distribution  and  dynamics  of  population  size.  Investi- 
gations performed  on  molluscs  are  important  not  only  for 
hydrobiological  problems  - these  studies  contain  many  facts 
extraordinarily  useful  for  the  understanding  of  some  general 
aspects  of  gametogenesis , fertilization,  embryogenesis  and 
postembryogenesis . 

The  first  Russian  studies  on  the  development  and  repro- 
duction of  marine  Bivalvia  appeared  in  the  period  between 
the  end  of  the  nineteenth  and  the  beginning  of  the  twentieth 
centuries.  The  prominent  Russian  embryologist,  Zalensky 
(1874,  1876),  described  oyster  development  with  special  ref- 
erence to  the  gastrulation  and  formation  of  germ  layers.  He 
marked  the  early  isolation  of  the  presumptive  mantle  in  Bi- 
valvia. The  shell  structure  and  hinge  system  in  larvae  of 
20  Bivalvia  forms  from  the  Black  Sea  are  given  in  Borisyak's 
paper  (1905).  During  the  last  40  years  no  fewer  than  100 
papers  concerning  the  reproduction  and  development  of  marine 
Bivalvia  were  published.  Nearly  40  papers  deal  with  the 
phenology  and  distribution  of  larvae  and  the  influence  of 
environmental  factors.  Gametogenesis  and  spawning  seasons 
are  the  subjects  of  more  than  20  papers.  More  than  15  pub- 
lications elucidate  the  problems  of  settlement  and  metamor- 
phosis. Comparatively  few  (fewer  than  10)  works  on  the 
early  embryogenesis  and  neurosecretory  regulation  of  repro- 
duction have  been  published.  In  addition  to  the  papers 
dealing  chiefly  with  the  reproductive  aspects  of  Bivalvia, 
some  theoretical  works  and  reviews  also  consider  these  prob- 
lems. It  is  necessary  to  note  the  well-known  works  of 
Mileikovsky  (1959-1974)  and  some  papers  by  other  authors 
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which  yive  special  attention  to  the  role  of  environmental 
temperature  for  successful  reproduction  and  recruitment  of 
molluscs  (Zhirmunsky,  1971;  Golikov,  Scarlato,  1973;  Androni- 
kov, 1975;  etc. ) . 

In  a larije  series  of  Mileikovsky ' s papers,  which  are 
predominantly  reviews  written  both  in  Russian  and  English, 
different  problems  of  the  reproductive  ecology  of  marine 
bottom  invertebrates,  including  Bivalvia,  are  considered. 

In  some  works,  Mileikovsky  (1972,  1974)  notes  the  role  of 
larval  plankton  not  only  in  the  recruitment  of  some  species 
of  benthic  animals  but  also  in  the  general  patterns  of  dis- 
tribution and  settling  of  oceanic  benthos.  Fie  reevaluates 
the  types  of  larval  development  in  marine  invertebrates  and 
their  distribution  i.n  the  ocean  according  to  G.  Thorson;  .he 
adds  the  demersal  type  of  development  to  the  general  scheme 
of  developmental  types  (1971).  In  other  works,  Mileikovsky 
writes  about  the  main  role  of  temperature  in  determining  the 
spawning  seasons  of  marine  invertebrates  (1960,  1970c),  the 
seasonal  and  daily  dynamics  of  population  size  in  pelagic 
larvae  which  reflect  some  peculiarities  of  their  spawning 
(1970b),  the  distribution  of  larvae  over  large  distances  by 
oceanic  currents  (1966),  the  influence  of  pollution  on  lar- 
vae (1970a),  and  other  problems  of  larval  life.  In  the  last 
paper  cited  above,  the  author  claims  larvae  are  greatly 
damaged  by  pollution  during  their  settlement  on  substratum. 
Zhirmunsky  (1971)  gives  attention  to  the  different  mechan- 
isms of  influence  of  high,  low  and  optimal  temperatures  on 
invertebrates  and  writes  about  changes  in  the  environmental 
optimum  during  development,  Golikov  and  Scarlato  (1973) 
showed  that  the  borders  of  temperature  optimum  for  success- 
ful reproduction  coincided  with  the  summer  water  temperature 
on  the  northern  border  of  the  species  area  and  with  the  win- 
ter temperature  on  the  southern  border. 

Andronikov  (1975)  writes  that  the  heat  resistance  of 
gametes  is  constant  within  a species.  Environmental  temper- 
ature is  one  of  the  factors  limiting  species  distribution 
when  it  is  higher  than  the  upper  limit  or  lower  than  the 
lower  limit  of  temperature  resistance  of  the  gametes  of 
marine  invertebrates. 

In  special  works  on  molluscs,  more  attention  was  given 
to  commercial  molluscs  (oysters,  mussels  and  scallops)  and 
shipworms.  More  than  20  papers  are  devoted  to  mussels; 
half  of  them  are  devoted  to  oysters,  scallops  and  Teredo. 

At  the  present  time,  the  investigations  are  performed  on  the 
fauna  of  the  Barents  Sea,  the  White  Sea,  and  the  southern 
and  far  eastern  seas  of  the  USSR.  More  than  half  of  all  the 
studies  were  conducted  on  species  from  the  Black  Sea  and  the 
Sea  of  Japan. 
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REPRODUCTIVE  CYCLES 

Dzyuba  (1971a, b,c,  1974  ; Gruzov'a,  Dzyuba,  1973)  de- 
scribes the  reproductive  cycles  in  female  yonads  of  the 
scallop,  ; . ■ ■ and  the  mussel,  : 

she  yives  a thorouyh  cytoloyical  description  of 
yonadal  chanyes  duritiy  the  year,  and  adds  cytochemical  and 
morphometr ical  evidence  to  these  data.  The  author  distin- 
yuishes  7 types  of  accessory  cells  which  take  part  in  the 
resorption  of  unspawned  oocytes  and  possibly  in  the  nutri- 
tion of  yrowiny  oocytes.  Nutrition  of  the  oocytes  was  con- 
sidered in  connection  with  problems  of  solitary  and  alimen- 
tary types  of  nutrition.  General  attention  may  bo  attracted 
by  the  data  on  the  considerable  resorption  of  oocytes  after 
spawniny  and  during  the  winter.  It  is  shown  that  the  scal- 
lop spawns  once  a year,  in  the  first  half  of  the  summer,  and 
the  mussel  spawns  twice  a year,  at  the  beginning  and  at  the 
end  of  the  summer. 

Chukhchin  (1965)  writes  on  the  maturation  age,  repro- 
ductive cycle  and  spawning  seasons  in  Char\ele:  ' I ! < : from 

the  Black  Sea.  He  notes  the  absence  of  a resting  period  in 
gonads  after  spawning.  The  reproductive  cycle  in  the  scal- 
lop, Si.'i  j't  C'pe  r .:k  ttuift:',  is  described  in  detail  by  Kukin 
(1976).  The  author  marks  a similarity  of  cell  types  in  the 
gonads  of  7,  snifti  and  Pea*-t.  r.  jctijoensis . He  gives  some 
data  on  the  spawning  seasons  in  these  species  from  Peter  the 
Great  Bay  and  describes  the  rare  example  of  hermaphrodite 
gonad  in  S.  auifti.  Kutishchev  and  Drozdov  (1974)  give  data 
on  the  sex  ratio  in  the  population  of  the  mussel,  Crc>: 
liic  jr  :i,anus , and  describe  examples  of  hermaphroditism, 
which  is  probably  a temporary  transitional  state  from  the 
male  gonad  to  the  female  one. 

Kasyanov,  et  at.  (1974,  1976)  determined  the  spawning 
seasons  and  gonadal  states  during  the  spawning  seasons  in 
common  Bivalvia  from  Peter  the  Great  Bay.  Authors  think 
that  compaiatively  'synchronous  spawning  in  most  of  the  spe- 
cies is  connected  with  the  high  values  of  surface  water 
temperature  and  the  abundance  of  food  for  the  larvae,  small 
phytoplanktonic  forms. 

Karpevitch  (1964)  calls  attention  to  tb*^  various  pat- 
terns of  reproduction  in  eury-  and  stenobiotic  molluscs.  A 
prolonged  period  of  reproduction  is  common  for  the  eurybiot- 
ic  species,  but  is  shortened  - 2 or  3 months  - for  the 
stenobiotic  ones.  By  analyzing  the  development  and  repro- 
duction of  Teredinidae  in  the  Caspian,  Azov  and  Aral  Seas, 
the  author  shows  some  adaptations  in  structure  and  size  of 
eggs  and  sperms  to  the  environment.  Zhuravleva  and  Prazdni- 
kov (1975)  discuss  the  acceleration  of  gametogenesis  in  the 
mussel,  y.ijtilus  edulis , with  a change  in  salinities  from  lO'ln 
to  33%o.  A decrease  in  salinity  to  15%o  accelerates  the 
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spawning  time  and  enforces  processes  of  phagocytosis  in  the 
gonads . 


NEUROSECRETORY  REGULATION  OF  REPRODUCTION 

An  analysis  of  neurosecretory  elciments  and  neurosecre- 
tory regulation  in  the  scallop  and  the  mussel  is  undertaken 
in  the  papers  by  Varaksin  (1974a, b)  and  Marchenko  (1974, 
1976a)  . Varaksin  showed  the  significant  extrusion  of  a 
neurosecretory  material  from  neurosecretory  colls  of  the 
scallop,  Peaten  ’jessoensis , which  occurred  just  before 
spawning  and  was  followed  by  an  abrupt  decrease  in  the  neu- 
rosecretory contents  of  the  cells.  In  the  mussel,  Crenomy- 
tilus  .jrayanus , the  processes  of  neurosecretion  do  not  cease 
after  spawning.  Marchenko  (1974,  1976a)  described  neurosec- 
retory cells  and  phases  of  the  neurosecretory  cycle  in  the 
ganglia  of  the  mussels,  Mytilus  edulis  and  Cpenomytilus 
y fay  anus . The  author  gave  a thorough  review  of  works  on  the 
morphology  of  neurosecretory  elements  in  Mollusca  (1976b) . 


GERM  CELLS,  FERTILIZATION,  EARLY  EMBRYOGENESIS 


Vassetsky  (1973)  describes  in  detail  the  dynamics  of 
maturation  divisions  in  the  eggs  of  the  giant  oyster, 
Cvassostrea  gijas.  Duration  of  the  I-maturation  division  is 
approximately  1.5  times  more  than  the  duration  of  the  II- 
maturation  division  (it  must  be  added  that  these  differences 
are  considerably  more  prominent  in  vertebrates) . Maturation 
divisions  in  unfertilized  oyster  eggs  go  up  to  the  metaphase 
of  the  second  division.  Drozdov  (1974)  gives  data  on  the 
ultrastructure  of  the  spermium  of  the  mussel,  Crenomytilus 
gray  anus . He  finds  a central  canal  which  goes  from  the 
acrosomal  region  to  the  proximal  centriole  through  the  nu- 
cleus . 


Ginsburg  (1974a, b,  1975)  note 
mal  sperm  concentration  at  fertili 
Crassostrp.a  gigas , Spisula  saahali 
taria.  The  maximal  percentage  of 
at  the  sperm  concentration  lO^-lo"^ 
the  concentration  of  the  sperms  le 
vation,  a decrease  in  their  propul 
tination.  Blyakher  (1951)  connect 
antipolar  lobe  in  the  mussel  with 


s the  narrowness  of  opti- 
zation  in  the  bivalves, 
nensis  and  Maatra  sulca- 
cleaving  eggs  was  obtained 
sperms/cm’.  Increasing 
ads  to  their  slower  acti- 
sion  speed  and  some  agglu- 
s the  formation  of  an 
the  nuclear  movements. 


MORPHOLOGY  AND  ECOLOGY  OF  LARVAE 
The  larval  morphology  of  common  species  of  Bivalvia 
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from  the  Black  Sea  is  described  by  Zakhvatkina  (1959,  1963, 
1972),  from  the  Caspian  Sea  by  Galperina  (1969)  and  from  the 
Sea  of  Okhotsk  by  Kulikova  (1975,  1976).  Determinants  for 
the  identification  of  pelagic  larvae  of  Bivalvia  from  the 
Black  Sea  ( Zakhvatkina, 19 59 , 1972)  are  established  for  25 
species  (18  families).  All  bivalve  molluscs  from  the  Black 
Sea  are  divided  into  three  groups  depending  upon  the  pattern 
of  their  development.  They  are  (1)  those  with  complete  pe- 
lagic development  (the  majority  of  the  species),  (2)  those 
with  incomplete  pelagic  development,  when  the  development 
takes  place  in  the  mantle  cavity  up  to  the  stage  of  the 
straight  hinge  {Teredo  naval  is , Ostrea  taurica , Moniaauta 
bidentata  and  Barnea  Candida) , and  (3)  those  with  direct 
development  through  the  formation  of  bottom-laying  {Loripes 
Laoteus  , Syndesmya  ovata)  . 

Galperina  (1959)  identified  the  larvae  of  5 species  of 
Bivalvia  from  the  Northern  Caspian  Sea  by  rearing  them  under 
laboratory  conditions.  Unlike  the  majority  of  investigators 
of  the  systematics  of  bivalve  larvae,  the  author  used  the 
shell  length/height/thickness  ratio  as  the  main  diagnostic 
indicator.  Kulikova  (1975,  1976a, b)  describes  the  larvae  of 
common  species  of  Bivalvia  from  the  Busse  Lagoon,  Aniva  Bay, 
Sea  of  Okhotsk.  She  describes  the  morphology  and  settlement 
of  the  larvae  of  Musaulista  senhousia . The  larval  morphol- 
ogy of  the  oyster,  Crassostvea  gigas,  in  the  Possjet  Bay, 

Sea  of  Japan,  is  given  by  Rakov  (1974). 

Nevesskaya  (1960-1962)  describes  larval  hinge  structure 
and  its  ontogenetic  changes.  The  author  traces  the  hinge 
ontogenesis  in  more  than  20  species  of  bivalve  molluscs  on 
the  mass  material  from  the  bottom  sediments  of  the  Black  Sea, 
stressing  the  absence  of  any  connection  between  larval  pro- 
vinculum and  the  adult  hinge.  The  hinge  of  adult  forms  fol- 
lows the  stages  of  dental  plates  in  the  order  Heterodonta 
and  in  the  ostreids  from  the  order  Dysodonta. 


PHENOLOGY  AND  DISTRIBUTION  OF  LARVAE 

In  the  Black  Sea,  bivalve  larvae  are  encountered  in 
plankton  almost  all  through  the  year,  raking  third  or  fourth 
place  as  to  quantity  of  specimens  per  1 m^.  Seasonal  fluc- 
tuations in  the  whole  quantity  of  larvae  coincide,  in  general, 

I , with  water  temperature  changes,  being  maximum  in  nember  and 

[ diversity  in  summer.  The  larvae  of  y.-gtilus  galloprovinai  ai  is 

I are  present  in  plankton  all  year.  During  August  the  larvae 

of  all  bivalve  species  are  present  (Kiseleva,  1965)  . In 
; August  when  the  wind  blows  toward  the  coast  the  number  of 

bivalve  larvae  at  the  coastal  zone  becomes  so  high  that  the 
water  becomes  yellow  (Dolgopolskaya , 1940).  The  presence  of 
I . larvae  throughout  the  aquatoria  of  the  Black  Sea,  with  the 
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most  diversity  in  the  coastal  region,  is  noted  by  Kiseleva 
(1965) . 

Ivanov  notes  that  the  Kutilu:!  larvae  remain  in  upper 
water  layers,  which  fall  during  Iieavy  storms.  Krakatitsa 
(1969)  also  draws  attention  to  the  fact  that  the  layer  of 
0-5  cm  is  the  richest  one  in  oyster  larvae,  especially  in 
veligers;  in  this  layer  their  number  may  be  as  high  as 

18.000  specimens  per  1 m^.  Their  quantity  decreases  sharply 
beyond  depths  of  45  cm.  Began  (1973)  notes  the  high  concen- 
trations of  larvae  in  the  subsurface  layer  of  Blac)<  Sea 
plankton;  these  concentrations  may  reach  values  of  greater 
than  29,000  specimens  per  1 m-*.  Vorobiev  ( 1938)  notes  the 
adhesion  of  the  Mytilus  larvae  to  the  surface  film  with  the 
aid  of  the  gas  vesicle  at  stages  just  before  metamorphosis. 

The  distribution  and  settling  of  Teveido  navali:;  larvae 
in  Gelenjik  and  Rybatskaya  Bays  of  the  Black  Sea  depend  upon 
winds  of  northeastern  direction.  By  turning  surface  water 
rich  in  larvae  off  shore,  the  wind  causes  an  upwelling, 
which  results  in  a decrease  in  the  settling  of  larvae  in 
this  region  (Ryabchikov,  1957) . 

In  the  Caspian  Sea,  up  to  the  twenties,  the  larvae  of 
Mollusca  were  relatively  rare  in  the  plankton  (Hodkina, 

1969,  1971).  After  Mytilaster  lineatus  moved  into  the 
Caspian  Sea  recently,  its  larvae  took  up  a prominent  posi- 
tion, and  high  biomasses  of  Bivalvia  larvae,  noted  during 
the  July-August  period  in  the  plankton  of  the  middle  and 
southern  Caspian  Sea  (Hodkina,  1969),  resulted  from  the 
presence  of  larvae  of  these  species.  The  majority  of  bi- 
valves from  the  Caspian  Sea  reproduce  during  the  May-October 
period  with  a maximum  quantity  of  larvae  in  the  July-August 
period . 

In  the  southern  part  of  the  Sea  of  Okhotsk  (Southern 
Sakhalin)  bivalve  larvae  are  noted  in  the  plankton  during 
the  July-October  period  with  the  maximum  in  August  (about 

15.000  specimens  per  1 m^)  (Kulikova,  1975).  This  high 
quantity  of  larvae  resulted  from  synchronous  spawning  of 
common  species  of  Mollusca.  This  spawning  coincides  with 
high  (about  annual  maximum)  water  temperature,  18-22°C.  The 
larvae  of  Musaulista  senhousia  and  some  species  from  the 
family  Tellinacea  are  predominant.  During  the  August-Octo- 
ber  period  the  pelagic  larvae  of  Bivalvia  are  second  in 
quantity  to  Copepoda,  and  in  July  they  hold  the  same  posi- 
tion after  Gastropoda. 


INFLUENCE  OF  ENVIRONMENTAL  FACTORS  ON  LARVAE 


Kudinova-Pasternak  (1962)  reaches  the  conclusion  that 
Teredo  navalis  is  a eurythermic  and  euryhalinic  species. 
Its  distribution  and  activity,  however,  may  be  affected  by 


1 16 


limiting  values  of  salinity  and  temperature.  Salinity  of 
8-9%o  is  normal  for  adult  forms;  salinity  of  12%o  is  normal 
for  larvae,  while  optimal  temperature  for  larval  development 
is  18-27°C.  One  can  find  similar  data  in  the  studies  by  Ni- 
kitin and  Galajiev  (1934),  Zenkevich  (1934),  and  Ryabchikov 
(1957).  Ryabchikov,  et  nl.  (1963)  state  that  the  process  of 
migration  of  teredinids  into  the  Azov  Sea  occurs  simultane- 
ously with  the  increase  in  salinity.  The  fact  that  the 
highest  salinity  lies  just  above  the  lower  border  of  values 
favorable  for  development  of  shipworms  leads  to  a sharp  de- 
crease in  the  number  of  shipworms  when  the  often  observed 
slight  lowering  of  salinity  takes  place.  Thus,  the  authors 
conclude  that  the  process  of  distribution  of  teredinids  in 
the  Azov  Sea  must  be  slow. 

The  influence  of  temperature  and  salinity  regime  on  the 
larval  plankton  in  the  White  Sea  was  shown  by  Pertsova  and 
Sakharova  (1967).  In  1966  the  strong  distillation  and  low 
water  temperature  caused  by  a very  prolonged  and  severe  win- 
ter had  some  influence  on  the  reproduction  and  larval  devel- 
opment of  invertebrates.  Bivalvia  larvae  were  very  scarce 
and  only  the  larvae  of  y.ac^nta  laltiaa  appeared  at  the  normal 
times.  At  the  end  of  the  summer,  only  larvae  of  Mytilidae 
were  in  the  plankton.  All  this,  of  course,  affected  the  Bi- 
valvia population  structure  for  many  subsequent  generations 
and  led  to  a decrease  in  the  quantity  of  their  larvae  in 
plankton . 

By  comparing  the  data  on  reproduction  and  development 
of  t-’' duLis  in  the  Black  and  White  Seas,  on  the  Atlan- 
tic coast  of  North  America  and  on  the  Danish  coast,  Pale- 
nichko  (1948)  came  to  the  conclusion  that  the  duration  of 
reproduction  and  development  of  Mytiluti  larvae  is  shortened 
in  colder  seas  and  is  the  shortest  in  arctic  waters.  The 
same  fact  was  noted  by  Kulikova  and  Tabunkov  (1974)  with  the 
development  of  the  scallop.  Pecti  n y,  .nsot  nsie , in  the  Sea  of 
Okhotsk  (Southern  Sakhalin).  In  this  region  the  duration  of 
larval  (pelagic)  development  is  shorter  than  that  in  south- 
ern sections  of  the  species  area,  and  the  average  dimensions 
of  larvae  before  settlement  are  smaller. 


SETTLEMENT  AND  METAMORPHOSIS 

The  problems  of  settlement  and  metamorphosis  are  suffi- 
ciently studied  in  some  species  from  families  Teredinidae 
and  Pholadidae. 

Milyutina  (1959)  draws  attention  to  structural  and 
functional  preparation  for  wood-boring  in  the  shipworms 
during  ontogenesis. 

Kiseleva  (1970)  gives  a detailed  anatomy  of  the  larvae 
of  /dn.i’ur  J,7'-tyIus  at  the  swimming-creeping  stage  during 
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metamorphosis  and  describes  the  behavior  of  the  larvae.  The 
author  shows  the  high  selectivity  of  the  larvae  to  substra- 
tum. The  larvae  choose  cracks  and  fissures  in  stones  filled 
with  silt  and  detritus.  The  high  selectivity  to  substratum 
is  shown  for  Bvauhyodontes  lineatua  (Kiseleva,  1966b).  The 
stimulating  metamorphosis  factor  for  this  species  is  the 
soluble  organic  substance  excreted  by  algae.  Bacterial- 
algal  film  covering  solid  substrata  is  also  a trigger  of 
metamorphosis . Belogrudov  (1973,  1974)  points  out  the  ne- 
cessity for  a bacterial-algal  film  on  the  collectors  for 
successful  settlement  of  the  scallop  larvae,  Peaten  yest;oen- 
isir,.  Under  natural  conditions,  the  best  substratum  for  set- 
tlement is  the  alga  Ceramiurn  kondoi  (Belogrudov,  1973). 

Petukhova  (1963),  Gorin  (1969,  1970),  Zevina  (1972)  and 
other  authors  describe  the  phenology  of  settlement  of  the 
larvae  in  the  seas  of  the  USSR. 

Thus,  Soviet  authors  presently  study  such  various  as- 
pects of  the  reproduction  of  Bivalvia  as  gametogenesis  and 
reproductive  cycles  (morphological  and  ecological  aspects), 
neurosecretory  regulation  of  the  reproductive  cycles,  ferti- 
lization and  early  embryogenes is , larval  development,  phe- 
nology of  the  larvae,  influence  of  environmental  factors  on 
the  gametes  and  larvae,  metamorphosis  and  settlement  of  the 
larvae,  and  the  ecology  of  these  processes. 


REKERKNCKS* 


A^jarova,  I.  Ya.  1974  . Gametogonosi s and  soma  peculiarities 
of  reproductive  cycles  in  Maaoma  baLtica  (L)  (Tellina- 
cea,  Eulamellibranchia)  on  sandy  littoral  zone  of 
Barents  Sea.  BioLogiya  Hazvitiya  Morr.kikh  Organinmov 
(Dev.  Biol.  Mat'.  Organiunm ) , ed . by  I.  B.  Tokin,  148- 
157.  Apatity. 

Andronikov,  O.  B.  1975.  Heat  resistance  of  gametes  of 

marine  invertebrates  in  relation  to  temperature  condi- 
tions under  which  the  species  exist.  Mae.  Biol.,  30,1: 
1-12. 

Began,  Y.  P.  1973.  The  larvae  of  molluscs  in  neuston  and 
surface  plankton  from  the  Tendrovskij  Bay.  Materials 
Visesoyusnogo  Simpoziuma  po  1 zutrheniyu  Tehernogo  i 
Sredizemnogo  Morei  (Pvoc.  All-Union  Symp.  Invest,  black 
Mediterr.  Seas),  Part  3.  Sevastopol. 

Belogrudov,  E.  A.  1973.  On  the  pattern  of  settlement  and 
some  peculiarities  of  growth  in  larvae  of  the  scallop 
on  different  substrates.  I ssledovaniya  Biologii  Gyh  i 
Pt'omyslovoi  Okeanogvaphii  (invest.  Fish  Biol.  Fish. 
Ocennog . ) , 4:  87-90.  Vladivostok. 

Belogrudov,  E.  A.  1974.  Some  peculiarities  of  larvae  set- 
tling and  growth  of  young  scallop  Mizuhopecten  yessoen- 
sis  and  other  organisms  on  collectors  <)f  Minonosok  Bay 
(Possjet  Bay,  Sea  of  Japan).  The  Biology  of  Marine 
Molluscs  and  Eahinoderms , 7-8.  Vladivostok. 

Blyakher,  L.  /\.  1951.  Intracellular  movements  during  early 

embryogenesis  of  the  mussel.  Doklady  Akademii  Nauk 
SSSR  (Proa.  Acad.  Soi.  USSR),  79:  899-901. 

Borisjak,  A.  A.  1905.  Pelecypoda  of  the  Black  Sea  plank- 
ton. I zvestiya  imperatorakoy  Akademii  Rank  (Proa.  Imp. 
Acad . Sci . ) , 5 : 22 . 


*The  bibliography  given  here  includes  more  than  the  cited 
literature.  It  is  not  exhaustive,  but  it  embraces  a con- 
siderable part  of  the  papers  on  this  subject.  Reference 
books,  manuals,  and  handbooks  containing  information  on  the 
reproduction  and  development  of  bivalve  molluscs  are  not 
included  in  the  bibliography. 


119 


Chukhchin,  V.  D.  1965.  Biology  of  reproduction  of  Venuo 

■jullina  L.  (Lamellibranchia)  from  the  Black  Sea.  Ben- 
tor,  (Benthor,),  15-23.  Kiev:  Naukova  Dumka. 

Dolgopolskaya , M.  A.  1954.  Experimental  studies  of  the 

fouling  process  in  the  sea.  Trudy  Sevas  topolskoy  Bio- 
logitoheskoy  Stantsii  iPvoa.  Sevastopol  Biol.  Sta.  J , 8. 

Drozdov,  A.  L.  1974.  Ultrastructure  of  the  sperm  of  Creno- 
mytilus  jrayanus.  The  Biology  of  Marine  Molluscs  and 
R'chinode rms  , 16.  Vladivostok. 

Dzyuba,  S.  M.  1971a.  Histophysiology  of  gonads  of  the 

scallop  Miauhopea  ten  yessoensis  in  different  seasons. 
fJuutchnye  Soobshaheniya  Institute  Biologii  Morya  (Sci. 
Papers  Inst.  Mar.  Biol.),  ed . by  A.  V.  Zhirmunsky,  2: 
68-71.  Vladivostok. 

Dzyuba,  S.  M.  1971b.  The  seasonal  differentiation  of 

oocytes  during  gametogenesis  in  the  mussel  Crenomytilus 
gray  anus . Bio logitaheskiye  i Medicinskiy  e I ssledova- 
niya  na  Dalnem  Vostoke  (Biol.  Med.  Studies  Far  East), 
ed.  by  N.  E.  Mishakov,  112-116.  Vladivostok. 

Dzyuba,  S.  M.  1971c.  Gametogenesis  in  some  marine  bivalve 
molluscs.  Molluski,  Avtorepkeraty  Dokladov  (Abstr. 
Malaaol.  Conf.),  51-52.  Leningrad:  Nauka. 

Dzyuba,  S.  M.  1974.  Gonadal  morphology  of  the  mussel 

Crenomytilus  grayanus  in  different  seasons.  Biologiya 
Rap.vitiya  Morskikh  Organismov  (Dev.  Biol.  Mar.  Organ- 
isms), ed.  by  I.  B.  Tokin,  158-164.  Apatity. 

Galperina,  G.  E.  1969.  On  the  identification  of  the  larvae 
of  bivalve  molluscs  from  the  northern  Caspian  Sea. 

Trudy  Molodykh  Uahenykh  VNIRO  (Proa.  Scientists  All- 
Union  Inst.  Fisheries). 

Ginsburg,  A.  S.  1974a.  Fertilization  in  eggs  of  Bivalvia 
under  different  conditions  of  insemination.  Ontogenez 
(Ontogenesis),  5,4:  341-348. 

Ginsburg,  A.  S.  1974b.  The  role  of  sperm  concentration  in 
sperm-egg  association  in  bivalve  molluscs.  The  Biology 
of  Marine  Molluscs  and  Eahinoderms , 30-32.  Vladivostok. 

Ginsburg,  A.  S.  1975.  The  role  of  sperm  concentration  in 
sperm-egg  association  in  bivalve  molluscs.  Biologiya 
Morya  (Mar.  Biol.),  1:  51-57.  Vladivostok. 


Golikov,  A.  N.,  and  Scarlato,  O.  A.  1973.  Method  for  in- 
directly defining  optimum  temperature  of  inhabitancy 
for  marine  cold-blooded  animals,  Biol.,  20:  1-5. 

Gorin,  A.  N.  1969.  Some  data  on  fouling  of  experimental 

plates  in  the  ports  of  the  northwestern  part  of  the  Sea 
of  Japan.  Kephefat:-  Nijt.it~.-knukh  kabot  Instituta  Biol-  - 
jii  Mot‘ju  (Abt;t.r.  .U-i.  bap  ere  Inet.  Mar,  Biol.)  , 1:  56- 
59.  Vladivostok. 

Gorin,  A.  N.  1970.  The  dynamics  of  settlement  of  the  main 
fouling  organisms  in  the  Isberg  region,  Dagestan  ASSR. 
Cornplexnne  f s s I edovaniija  Prii'ody  Okeana  (Comple.c 
Studiee  of  the  dature  of  the  Ocean),  1.  Moscow:  Mos- 

cow State  Univ. 

Goykher,  G.  B.  1949.  On  the  passing  of  small  organisms 
through  mantle  cavity  and  intestine  of  bivalve  mol- 
luscs-f i Itrators . Doklady  Akademii  Nauk  SSSR  (Froa. 
Acad.  Sol.  USSR),  17:5. 

Gruxova,  M.  N.,  and  Dzyuba,  S,  M.  1973.  The  solitary  type 
of  oogenesis  on  the  example  of  lamellibranch  mollusc 
Mizuhopecten  yetssoenu  is . Tsitolojiya  (Cytoloyy),  15,3: 
283-290. 


Hodkina,  I,  V.  1969.  Seasonal  dynamics  of  size  of  larval 
population  of  some  benthic  organisms  which  are  new  for 
the  Caspian  Sea  in  the  Isberg  region  (Middle  Caspian 
Sea)  during  1966.  Zcoloyitahesky  zhurnal  (Zool.  A.), 
48,3:  335-341. 


Hodkina,  I.  V,  1971.  Abundant  development  of  the  larvae  of 
some  new  habitants  in  the  plankton  of  the  Caspian  Sea. 
Complexnye  Issledovaniya  Prirody  Okeana  (Coriplex 
Studies  of  the  Nature  of  the  Ocean),  2.  Moscow. 


Ivanov,  A.  I.  1963.  The  mussels  of  the  Black  Sea.  Rubnoye 
khosyaistvo  [Fishery),  115-118, 


Ivanov,  A,  I.  1965.  The  influence  of 
salinity  on  survival  of  larvae  of 
Doklady  Akademii  Nauk  SSSR  (Proc. 
163,5:  1256-1258. 


water  of  different 
the  Black  Sea  oysters. 
Acad.  Sai.  USSR), 


Ivanov,  A.  I.  1968.  Reproduction  and  growth  of 
molluscs  (mussels  and  oysters)  in  the  Black 
lo'jitcheskiye  Issledovaniya  Tchernogo  Movya 
myslovye  Resursy  (Biot.  Invest.  Black  Sea), 
Moscow:  Nauka. 


commercial 
Sea.  Bio- 
i ego  Pro- 
115-118. 


Ivanov,  A.  I.  1971.  Preliminary  results  on  the  work  on 

rearing  culture  of  the  mussel  ‘tijtiluc.  jallaprovincial  i s 
in  the  Kertch  Strait  and  some  regions  of  the  Black  Sea. 
Okeanoloijiya  (Oeeanol.  11,5:  889-899. 

Karpevitch,  A.  F.  1961.  Adaptive  morphology  of  sperm  and 
eggs  of  bivalve  molluscs.  Zoologitahesky  Zhurnal 
(Zool.  J.  ’ , 40,3:  340-  350. 

Karpevitch,  A.  F.  1964.  Some  peculiarities  of  reproduction  and 
growth  of  bivalve  molluscs  from  brackish-water  seas  of 
the  USSR.  Ekologitja  beapoavonotahnykh  yushnykh  morei 
SSSR  (Eaol.  Invertebrates  Southern  Seas  USSR),  3-60. 
Moscow:  Nauka. 

Kasyanov,  V.  L. , Kukin,  A.  F.,  Medvedeva,  L.  A.,  and  Khomul- 
lo,  N.  P.  1974.  On  the  spawning  seasons  of  common  bi- 
valve molluscs  in  Peter  the  Great  Bay,  Sea  of  Japan. 
Biology  of  Marine  Molluaos  and  Eahinoderms , 28.  Vladi- 
vostok . 

Kasyanov,  V.  L.,  Kruchkova,  G.  A.,  Kukin,  A.  F.,  Medvedeva, 

L.  A.,  Yakovlev,  S.  N.,  and  Yakovlev,  Y.  M.  1976. 
Spawning  seasons  and  condition  of  gonads  during  spawn- 
ing period  of  common  molluscs  and  echinoderms  of  the 
Vostok  Bay.  Biologitcheskiye  Issledovaniya  Zaliva 
Vostok  (Biol.  Invest.  Vostok  Bay).  Vladivostok. 

Kiseleva,  G.  A.  1965.  The  distribution  of  the  larvae  of 
polychaets  and  molluscs  in  the  plankton  of  the  Black 
Sea.  Bentos  (Benthos),  38-47.  Kiev. 

Kiseleva,  G.  A.  1966a.  Some  features  of  the  larval  ecology 
of  the  mussel  from  the  Black  Sea.  Raspredeleniye  Ben- 
tosa  i Biologiya  Donnykh  Zhivotnykh  v Yuzhnykh  Moryakh 
(Distribution  of  Benthos  and  Biology  of  Benthic  Anirrials 
in  the  Southern  Seas),  16-20.  Kiev:  Naukova  Dumka. 

Kiseleva,  G.  A.  1966b.  Metamorphosis  stimulating  factors 
on  the  larvae  of  the  bivalve  mollusc  Braahyodontes 
lineatus  (Gmelin).  Zoologitahesky  zhurnal  (Zool.  J.), 
45,10:  1571-1573. 

Kiseleva,  G.  A.  1967.  The  influence  of  substrates  on  the 
settling  and  metamorphosis  of  the  larvae  of  benthic 
animals.  Donniye  Biotsenozy  i Biologiya  Bentosnykh 
Organismov  Tahernogo  Morya  (Benthic  Biocenosis  Biol. 
Benthic  Organisms  Black  Sea). 


122 


r 


T 


Kiseleva,  G.  A.  1970.  The  settlement  and  metamorphosis  of 
the  larvae  of  the  mollusc  I'hola:^  dnotylus  Linn.  Eko- 
7 hoi  oj  i t L'hrr.ki'ji.’  1 r.itledovaniija  Donnykh  Oryania 

’ (K.-ol.  y !•{  hoi . luDiCt,  Bcnthia  Orjanisrns ) , 102- 
113.  Kiev:  Naukova  Dumka. 

Kiseleva,  G.  A.  1972.  Reproduction  and  development  of  the 
rocky  and  silty  mussels  in  the  Black  Sea.  Bioloyiya 
7'..  ■■  .y.ar.  26.  Kiev:  Naukova  Dumka. 

Krakatitsa,  T.  F.  1969.  On  the  distribution  of  oyster  lar 
vae  in  pelagic  biocenosis  of  the  Egorlyk  Bay.  Vopi-osy 
y ..  B'  d j'i  : r rob  I f'ni)  A/ur.  Biol.  , 71-72.  Kiev: 

Naukova  Dumka. 

Kud inova-Pasternak , R.  K.  1957.  Some  peculiarities  of 

reproduction  and  development  of  throe  species  from  the 
family  Teredinidae.  D:yKlady  Akademii  Nnuk  SSSB  (Proo, 
J-'.  USSR',  117,3. 

Kud inova-Pasternak , R.  K.  1962a.  The  influence  of  low- 

saline  sea  water  and  different  temperatures  on  the  lar 
vae  of  shipworm  Teredo  naualis  L.  Zoologitaheoky  7hur 
nr.:  (Z..ol.  J.l,  41,1:  4 9-57  . 

Kud inova-Pasternak , R.  K.  1962b.  The  maturation  of  germ 
cells  and  formation  of  larvae  of  Teredo  nax'alis  L. 
under  low-salinity  conditions.  dautahniye  Doklady 
'.'yrphr-  Shkoli-  Biol.  Sauk'  (Sai.  R,  : t.  High  School  Bio 
y^'i.),  2:  28-31. 

Kukin,  A.  F.  1976.  The  reproductive  cycle  in  scallop 

SL'ift'P'C'rr.  puift  ' . B'-‘logi.f.2  l-lorya  (Mar.  Biol.}, 
Vladivostok . 

Ku’ikova,  V.  A.  1975.  The  larval  development  of  Musoulus 
sen’>r  us  ia  (Mytilidae,  Bivalvia).  Ter.isy  Dokladov  Pya- 
togo  Vscr  yu",nogo  Soveshrhaniya  Embriologov  (Abstr. 
Fi‘'th  All-Snior.  Embrjol.  Conf.',  108-109.  Leningrad. 

Kulikova,  V.  A.  1976a.  Morphology,  seasonal  dynamics  of 
population  size  and  settlement  of  larvae  of  bivalve 
mollusc  Musoulista  senho'usia  in  Busse  Lagoon.  Biolo- 
'jiyn  Moryc.  (Mar.  Biol.).  Vladivostok. 

Kulikova,  V.  A.  1976b.  The  larvae  of  common  species  of 

Bivalvia  in  Busse  Lagoon,  Sea  of  Okhotsk.  Tezisy  I'se- 
soyur.nogo  Malakologitaheskogo  Soveshchaniya  (Abstr. 
All-Unior.  Malaaol . Conf.).  Leningrad. 


123 


Kulikova,  B.  A.,  and  Tabunkov,  V.  D.  1974.  Ecology,  repro- 
duction, growth  and  productivity  of  the  population  of 
the  scallop  aot-nr.  ia  (DisoJonta,  Pecti- 

nxdae)  in  Busse  Lagoon  (Aniva  Bay).  Zuolo-ji  take  ckj 
Zh'tVHul  (Zoo!.  J.',  53,12:  1767-1774  . 

Kutishchev,  A.  A.,  and  Drozdov,  A.  L.  1974.  The  hermaphro- 
ditism and  sexual  structure  in  the  population  of  /.'reru  - 
mytilus  ji‘ayanuG  Dunker.  Vcctnik  MGU  (Proc.  Moaooi^ 
St'ite  Unia.  > , Sei-.  Biol.  , 6:  11-13. 

Marchenko,  A.  A.  1974.  The  phases  of  secretory  cycle  of 
neurosecretory  cells  in  lA.jtilus  edulis  (Mollusca, 
Lamellibranchia)  . y.atevial'j  Pervoy  Vseaoyuanou  Konfe- 
i'entaii  po  Neii'oandokrinoloijii  (Ahatf.  Fii'st  All-Union 
Conf.  Nein'oendoerino L . ' , 97-98.  Leningrad. 

Marchenko,  A.  A.  1976a.  Morphology  of  neurosecretory  ele- 
ments in  molluscs.  Bioloniya  'lopya  (Mar.  Biol.'. 
Vladivostok . 

Marchenko,  A.  A.  1976b.  Cell  composition  of  cerebro- 
pleural  ganglia  of  Mytilus  edulis  and  Crenotny  tilus 
jrayanus . Nautahniye  Soobshoheniya  Instituta  Biologii 
Morya  (Sci.  Rep.  Inst.  Mar.  Biol.',  ed . by  A.  V.  Zhir- 
munsky, 3.  Vladivostok. 

Matveyeva,  T.  A.  1948.  Biology  of  Mytilus  edulis  from 
Eastern  Murman.  Trudy  Murmanskoy  Bioloj  itaheskoy 
Stantsii  (Proa.  Murmansk  Biol.  Sta.),  1. 

Maximova,  L.  P.  1964.  Survival  and  reproduction  of  Mono- 
daana  aolorata  (Eichn)  V.  tanaissiana  Mil.  in  water  of 
different  salinities.  Ecologiya  Bespozvonotchnykk 
Yup.nykh  Morei  SSSR  (Eaol.  Invertebrates  Southern  Seas 
USSR),  61-79.  Moscow:  Nauka. 

Mileikovsky,  S.  A.  1959.  Interrelationships  between  pe- 
lagic larvae  of  Nephtys  ailiata  (O.  F.  Muller),  Maaoma 
baltiaa  L.  and  Mya  arenaria  L.  from  the  White  Sea.  Zo- 
olO'jitahesky  Zkurnal  [Zool.  J.  ',  38,12:  1889-1891. 

Mileikovsky,  S.  A.  1960.  On  the  relation  between  tempera- 
ture borders  of  spawning  of  species  in  the  marine  in- 
vertebrates and  their  zoogeographical  position.  Zooto- 
gitaheskj  Zhurral  (Zool.  J.  >,  39,5:  666-669. 

Mileikovsky,  S.  A.  1966.  Far-off  scattering  of  pelagic 

larvae  of  benthic  invertebrates  by  means  of  sea  streams 
and  its  distributional  role  on  example  of  Gastropoda 


124 


and  Lamel  1 ibranchi a . 0>caK-‘lo  liua  (<!i‘fuKol.  6,3; 
482-492. 

Mi leikovsky,  S.  A.  1970a.  The  influence  of  pollution  on  f' ' 
the  pelagic  larvae  of  bottom  invertebrates  in  marine 
near  shore  and  estuarine  waters.  Mi:.".  Hi<  6,4:  350- 

356. 

Mileikovsky,  S.  A.  1970b.  Seasonal  and  daily  dynamics  in 
pelagic  larvae  of  marine  shelf  bottom  invertebrates  in 
near  shore  of  Kandalaksha  Bay  (White  Sea).  Mrjr.  lii,  , 
5,3:  180-194. 

Mileikovsky,  S.  A.  1970c.  The  dependence  of  reproduction 
and  spawning  of  marine  shelf  bottom  invertebrates  on 
water  temperature.  Tyud’j  Tncr.ituta  Okeanolo'j ii  (Pr  ■. 
Inst.  O..‘i,’anol.  ' , 88:  113-149  . 

Mileikovsky,  S.  A.  1971.  Types  of  larval  development  in 
marine  bottom  invertebrates,  their  distribution  and 
ecological  s ing if icance : a reevaluation.  Man.  Biol., 
10,3:  193-213. 

Mileikovsky,  S.  A.  1972.  The  "pelagic  larvation"  and  its 
role  in  the  biology  of  the  World  Ocean,  with  special 
reference  to  pelagic  larvae  of  marine  bottom  inverte- 
brates. Man.  Biol.,  16,1:  13-21. 

Mileikovsky,  S.  A.  1973.  Speed  of  active  movements  of  pe- 
lagic larvae  of  marine  bottom  invertebrates  and  their 
ability  to  regulate  their  vertical  position.  Man. 

Biol. , 23,1:  11-17. 

Mileikovsky,  S.  A.  1974.  On  predation  of  pelagic  larvae 
and  early  juveniles  of  marine  bottom  invertebrates  by 
adult  benthic  invertebrates  and  their  passing  alive 
through  their  predators.  Mar.  Biol.,  26,4:  303-312. 

Milyutina,  N.  A.  1959.  The  observation  of  Teredo  navalis 
during  its  settlement  and  initial  intrusion  in  the 
wood.  Zoologitahesku  Zhurnal  (Zool.  P . ' , 38,4  : 520- 
536. 

Motavkin,  P.  A.,  Evdokimov,  V.  V.,  and  Dzyuba,  S.  M.  1971. 
Origin  of  gonocytes  and  gonadal  formation  in  Crenorvj- 
tilus  arapnniis . Ilnut  atmi'je  Soobsheheniya  Instituta 
Bioiogii  Mcrya  (Sai.  Rep-^ . I*'i>t.  Mar.  Biol.  ed.  by 

A.  V.  Zhirmunsky,  2:  162-165.  Vladivostok. 

Nevesskaya,  L.  A.  1960.  About  the  ontogenetic  development 


of  the  hinge  in  Veneridae  from  the  Black  Sea.  I'aleor.- 
tolO:jit^.‘hcskij  Zhut‘naL  (Paleontol.  J.),  2:  58-62. 

Nevesskaya,  L.  A.  1961.  The  development  of  shell  in  some 
species  of  bivalve  molluscs  during  their  ontogenesis. 
Bui  li'  ten  Moi'kooekotjo  Obohchet'tva  Ispytatelei  PrtfoJy 
(Bull.  Moecow  Soe.  Naturalis ts ) , 36,3:  152-153. 

Nevesskaya,  L.  A.  1962.  About  the  ontogenetic  development 
of  hinge  in  some  species  of  bivalve  molluscs  from  the 
Black  Sea.  Paleontoloin  tchesky  Zhurnal  (Paleontol. 

J.  ' , 2:  49-70. 

Nikitin,  V.  N. , and  Galadjiev,  M.  A.  1934.  The  planktonic 
larvae  of  Tei'edo  navalis  and  their  distribution  in  the 
Black  Sea.  Trudy  Nil  Vodnogo  Tranaporta  (Proa,  Inr>t. 
Water  Transport),  87. 

Nikitin,  V.  N.,  and  Turpayeva,  E.  P.  1953.  On  the  possi- 
bility of  moving  some  Black  Sea  benthic  animals  in  the 
Azov  Sea.  Doklady  Akademii  Nauk  SSSR  (Proa,  Aaad.  Pci, 
USSR),  90,5. 

Palenichko,  S.  G.  1948.  Some  peculiarities  of  the  biology 
of  the  mussel  from  the  White  Sea.  Zoologitahe sky 
Zhurnal  (Zool,  J . ) , 21, S. 

Pertsova,  N.  M. , and  Sakharova,  M.  I.  1967.  Zooplankton  of 
Velikaya  Salma  Strait  (the  White  Sea)  in  connection 
with  the  hydrological  regime  of  1966.  Okeanologiya 
(Oaeanol.),  7,6:  1068-1075. 

Petukhova,  T.  A.  1963.  The  larval  settling  of  fouling 

organisms  and  shipworms  (Teredinidae)  in  Gelenjik  re- 
gion and  in  Novorossiisk.  Trudy  Instituta  Okeanologii 
(Proa.  Inst.  Oaeanol.),  70. 

Rakov,  V,  A.  1974.  The  morphology  of  larvae  of  Pacific 

oyster  Crassostrea  gigas  Thunb.  Issledovaniya  po  Bio- 
Logii  Gyb  i Promyslovoy  Okeanog raphii  (Invest.  Fish 
Biol.  Fish.  Oceanog.),  5:  15-18.  Vladivostok. 

Rusanova,  M.  N.  1966.  The  biology  and  life  cycles  of  some 
bivalve  molluscs  in  the  White  Sea.  Shestaya  Sessiya 
Utahenogo  Soveta  po  Probleme;  Biotogitcheskiyc  Resur- 
sy  Belogo  Aorya.  Tezisy  Dokladov  (Abstr.  Sixth  Ses- 
sion Biol.  Resouraes  White  Sea),  149-150.  Petroza- 
vodsk . 

Ryabchikov,  P.  I.  1957.  The  distribution  of  the  shipworms 


126 


s 


arbitrarily  takc’n  as  adf'quate.  At  th(>  end  of  that  time,  the 
percent  cover  of  species  1 was  compared  to  the  percent  cover 


in  the  seas  of  the  USSR.  Moscow:  Academic  Press. 

Ryabchikov,  P.  I.,  and  Nikolayeva,  G.  G.  1963.  The  set- 
tlement of  the  larvae  of  the  shipworm  Tei-edo  navalis 
L.  (Mollusca,  Teredinidae)  and  water  temperature  in 
Gelenjik  Bay  (the  Black  Sea).  Ti-udu  Irustitutu  Okeano- 
■cjii  (Pi‘r.  Inat.  Oceanol.>,  70:  179-185. 

Ryabchikov,  P.  I.,  Soldatova,  I.  N.,  Esakova,  S.  E.,  and 
Petukhova,  T.  A.  1963.  The  beginning  of  occupation 
of  the  Azov  Sea  by  some  species  of  shipworms,  family 
Teredinidae.  Ti-iidii  Inatituta  Okeanologii  (Proa.  Inst, 
Oi-cano  I . ' , 70  . 

Soldatova,  I.  N.  1961.  The  influence  of  different  salini- 
ties on  the  bivalve  mollusc  Teredo  navalis  L.  Trudy 
Irustitutu  Okeanologii  (Proa.  Inst.  Oaeanol.),  49:  162- 
179. 

Spassky,  N.  N.  1967.  Life  cycle  of  the  mollusc  Adaaha 

vitrea  and  seasonal  dynamics  of  its  biology  and  popu- 
lation size.  Trudy  Kaspiiskogo  (JIIRKh  (Proa.  Caspian 
Inst.  Fisheries),  23:  91-94. 

Strelin,  G.  S.  1940.  On  the  physiological  gradients.  IV. 
Gradients  and  mosaicity  at  embryonic  development  of 
molluscs.  Arahiv  Anatomii  i Embriologii  (Arah.  Anat. 
Pistol.,  Embryol.',  25:  40-67. 

Stroganova,  N.  S.  1963.  Some  peculiarities  of  spermato- 
genesis in  some  bivalve  molluscs  (Unio,  Anodonta  and 
Mya)  . Vestnik  MGU  (Proa.  Mosaow  State  Univ.  , Ser. 
Biol. , 6:  25-34. 

Svcshnikov,  V.  A.,  and  Kruchkova,  G.  A.  1971.  Dynamics  of 
population  size  of  pelagic  larvae  of  invertebrates  in 
the  Troitsa  Bay,  Sea  of  Japan.  Nautahniye  Soobshahe- 
niya  Instituta  Biologii  Morya  (Sai.  Rept.  Inst.  .‘lar. 
Biol.),  2:  200-202.  Vladivostok. 

Varaksin,  A.  A.  1974.  Neurosecretory  activity  in  central 
nervous  system  of  bivalve  molluscs  Crenomytilus  gray- 
anus  Dunker  and  Mizuhopeaten  yessoensis  Jay,  during 
different  stages  of  gametogenesis . llaterialy  Vse- 
soyuznoy  Konferentsii  Neiroendokrinologii  (Abstr.  First 
All-Union  Conf.  Neuroendoarinol. ) , 28.  Leningrad. 

Varaksin,  A.  A.,  Dzyuba,  S.  M, , Kosenko,  L.  A.,  and  Motav- 
kin,  P,  A.  1974.  Sexual  cycles  of  two  species  of 
bivalve  molluscs  and  their  neurohumoral  regulation. 


127 


Biolo<j'j  .’f 
divostok . 


y.avinc  Kolluiiaa  and  Echi  nodenma , 63.  Vla- 


Vassetsky,  S.  G.  1973.  Dynamics  of  maturation  divisions 
in  eggs  of  the  giant  oyster  Ostnea  gigas.  Ontogenea 
(OntogenL^i-,-;  r.}  , 4 , 5 : 453-460. 

Vinogradova,  Z.  A.  1950.  Some  contributions  to  the  biology 
of  molluscs  from  the  Black  Sea.  Trudy  Karadag skoy  Bio- 
^ogitaheskoy  Stantsii  (Proa.  Karadag  Biol.  Bta. ) , 9. 

Vorobiev,  B.  P.  1938.  The  mussels  from  the  Black  Sea. 

Trudy  AzTcher  NIHO  (Proa.  Aaov  Black  Sea  Fisheries 
Insi . ' , 2,11. 

Zakhvatkina,  K.  A.  1959.  The  larvae  bivalve  molluscs  from 
Sevastopol  Bay,  Black  Sea.  Trudy  Sevas topolskoy  Bio- 
logitcheskoy  StantsLi  (Proa.  Sevastopol  Biol.  Sta.  J , 

11:  108-152. 

Zakhvatkina,  K.  A.  1963.  The  phenology  of  larvae  of  bi- 
valve molluscs  from  Sevastopol  Bay.  Trudy  Sevastopol- 
sky  Biologitoheskoy  Stantsii  (Proa.  Sevastopol  Biol. 
Sta.},  16:  173-175. 

Zakhvatkina,  K.  A.  1972.  The  larvae  of  bivalve  molluscs. 
Fauna  and  Flora  of  the  Black  Sea  and  the  Azov  Sea,  3: 
250-270.  Kiev:  Naukova  Dumka. 

Zalensky,  V.  V.  1874.  Bemerkungen  iiber  Haeckel's  Gastrea 
Theoria.  Arch.  Saturg.,  40:  137-173. 

Zalensky,  V.  V.  1876.  On  the  formation  of  germ  layers  in 
molluscs.  Pvotokoly  Zasedanii  OE  Kazanskogo  Universi- 
teta  (Proa.  Soa.  Nat.  Kazan  Univ.),  3-4. 

Zenkevich,  L.  A.  1934.  Historical  review  and  some  methods 
of  biological  and  biometrical  studies.  Trudy  Nil  Vod- 
nogo  Transporta  (Proa.  Inst.  Water  Transport),  87. 

Zevina,  G.  B.  1972.  Fouling  in  the  Seas  of  the  USSR,  1- 
214.  Moscow:  Moscow  State  Univ.  Press. 

Zhirmunsky,  A.  V.  1971.  A study  of  adaptation  of  marine 
animals  as  a basis  of  their  reproduction.  Nautohniye 
Soobshaheniya  Institute  Biologii  Morya  (Sai.  Rept. 

Inst.  Mar.  "Biol.),  ed.  by  A.  V.  Zhirmunsky,  2:  84-87  . 
Vladivostok. 

Zhuravleva,  N.  G. , and  Prazdnikov,  E.  V.  1975.  On  the 


128 

iL 


A 


REPRODUCTIVE  CYCLES  OF  iiTYELA  FLICATA 
Thomas  R.  Fisher 

Duke  University  Marine  Laboratory 
Beaufort,  North  Carolina  28516 

In  estuaries  of  the  southeast  U.S.,  the  solitary 
tunicate,  StueLa  plicata , is  a common  suspension-feeding 
organism.  Near  Beaufort,  N.C.,  the  approximate  northern 
limit  of  its  occurrence,  cycles  of  larval  settlement  of 
this  species  have  been  observed.  Larvae  settle  heavily  in 
spring  and  fall,  but  only  lightly  in  summer  and  winter. 
Previous  ecological  experiments  had  suggested  that  neither 
competition  nor  predation  were  responsible  for  the  low  set- 
tlement of  larvae  in  summer,  and  that  the  basis  for  the  cy- 
cles might  be  physiological  in  origin.  Therefore,  experi- 
ments were  designed  to  test  the  validity  of  several  physio- 
logical hypotheses. 

To  test  the  hypothesis  that  the  low  larval  settlement 
in  winter  and  summer  is  due  to  low  food  abundance,  the 
particulate  matter  of  the  Newport  River  estuary  near  Beau- 
fort, N.C.  was  sampled  for  one  year.  However,  neither 
quantity  nor  qualitative  composition  of  the  particulate 
matter  could  be  correlated  with  the  observed  larval  settle- 
ment . 

To  test  the  hypothesis  that  metabolic  maintenance 
costs  or  physiological  partitioning  of  resources  might  be 
poorly  adapted  at  the  extremes  of  temperature  in  summer 
and  winter,  carbon  and  nitrogen  budgets  were  constructed 
for  Stijela.  However,  metabolic  maintenance  costs  were 
estimated  to  require  only  18%  of  the  carbon  and  37%  of 
the  nitrogen  available  for  metabolic  processes;  and, 
furthermore,  growth  and  an  estimate  of  reproductive  poten- 
tial were  maximal  at  summer  temperatures. 

After  reexamining  the  original  assumptions,  it  was 
found  that  the  estimate  of  reproductive  potential  provided 
an  approximate  reconstruction  of  the  observed  larval  re- 
cruitment when  adult  population  size  and  predation  in- 
tensity were  considered.  It  is  concluded  that  neither  food 
abundance  nor  metabolic  maintenance  costs  can  explain  low 
periods  of  larval  settlement.  Predation  on  larvae  and 
young  adults  appears  to  be  responsible  for  the  low  rate  of 
settlement  observed  in  summer  months. 
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HEAVY  MI-;TAL  EFFECTS  ON  REPRODUCTIVE  SUCCESS 
IN  MARINE  BIVALVES 


Anthony  Calabrese  and  Arlene  Crosby  Lontjwell 
National  Marine  Fisheries  Service 
Middle  Atlantic  Coastal  Fisheries  Center 
Milford  Laboratory 
Milford,  Connecticut  06460 

Heavy  metals  have  long  been  recognized  as  serious 
pollutants  of  the  marine  environment.  In  recent  years 
considerable  research  effort  has  been  placed  on  determining 
the  effects  of  these  metals  on  marine  organisms.  Relative- 
ly little  is  known,  however,  about  metal  effects  on  inverte- 
brates, especially  their  embryonic  and  larval  stages.  This 
presentation  describes  some  findings  of  the  Milford  Labora- 
tory on  the  effects  of  an  array  of  metals  on  embryonic  and 
larval  marine  bivalves.  Experiments  were  conducted  to 
determine  the  acute  toxicity  and  mutagenic  effect  of  metals 
on  development  of  embryos  of  the  American  oyster, 

Ci'ussoo  ti'^a  vit’ginioa.  Toxicity  studies  were  also  conducted 
with  the  hard  clam,  Mevdenaria  me pocnav i 2.  Further  studies 

were  completed  to  determine  the  survival  rate  and  growth 
response  of  larvae  of  the  American  oyster  exposed  to  metals. 

The  acute  toxicity  of  11  heavy  metals  to  embryos  of 
the  oyster  was  studied  and  the  concentrations  at  which  50% 
of  the  embryos  did  not  develop  were  determined.  The  most 
toxic  metals  and  their  LC5Q  values  were  mercury  (0.0056  ppm), 
silver  (0.0058  ppm),  copper  0.103  ppm)  and  zinc  (0.31  ppm). 
Those  metals  that  were  not  as  toxic  and  their  LC^q  values 
were  nickel  (1.18  ppm),  lead  (2.45  ppm)  and  cadmium  (3.80 
ppm) . Those  metals  that  were  relatively  non-toxic  and  their 
LC5Q  values  were  arsenic  (7.5  ppm),  chromium  (10.3  ppm) 
and  manganese  (16.0  ppm).  Aluminum  was  non- toxic  at  7.5 
ppm,  the  highest  concentration  tested. 

In  conjunction  with  the  above  studies  the  effects  of 
four  metals  on  the  cy to-genetics  of  fertilization,  meiosis 
and  cleavage  were  determiied.  Silver  and  cadmium  reduced 
the  number  of  mitoses  at  the  0%  kill  level,  while  also 
causing  division  abnormalities  and  irregularities.  Arsenic 
caused  abnormalities  in  the  latest  stage  zygotes  at  the  100% 
kill  level.  Manganese  caused  severe  direct  changes  in  the 
ploidy  level  of  zygotes,  and  in  losses  of  pieces  and  of 
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whole  chromosomes. 

The  acute  toxicity  of  5 metals  to  clam  embryos  was  also 
determined.  The  most  toxic  metals  and  their  LCcq  values 
were  mercury  {0.0048  ppm)  and  silver  (0.021  ppm)^ . Zinc 
and  nicl<el,  although  not  as  toxic  as  mercury  and  silver, 
had  LC5Q  values  of  0.166  and  0.31  ppm.  Lead  was  the  least 
toxic  with  an  LC5Q  value  of  0.78  ppm. 

A logical  extension  of  the  previously  described  studies 
was  to  determine  the  effect  of  some  of  these  same  metals  on 
larvae  of  these  bivalves.  A study  on  oyster  larvae  from  2 
to  12  days  of  age  has  been  completed.  Mercury,  silver  and 
copper  are  the  most  toxic,  while  zinc  and  nickel,  the 
least  toxic. 


REPRODUCTION  AND  DISPERSAL  IN  MARINE 
BENTHIC  INVERTEBRATES 


Richard  R.  Vance 
Department  of  Biology 
University  of  California 
Los  Angeles,  California  90024 


Three  of  the  most  common  developmental  patterns  in 
marine  benthic  invertebrates  are  plank totrophy  in  which 
initially  small  larvae  undergo  an  extended  pelagic  feeding 
and  growing  period  prior  to  metamorphosis,  pelagic  leci- 
thotrophy  in  which  the  somewhat  larger  free-swimming 
larvae  subsist  entirely  on  stored  yolk  until  metamorphosis, 
and  benthic  development  in  which  the  non-feeding  larvae 
remain  in  the  benthos  throughout  larval  life.  A fourth 
somewhat  less  common  developmental  type  consists  of  a long 
prefeeding  benthic  period  followed  by  a very  short  larval 
planktonic  feeding  existence.  Which  larval  pattern  is 
likely  to  evolve  in  particular  cases  depends  on  two  classes 
of  selection  pressures:  those  which  influence  production 

and  survival  of  larvae,  and  those  which  affect  survival 
after  metamorphosis.  This  paper  presents  the  results  of  a 
mathematical  model  which  attempts  to  define  conditions  under 
which  each  reproductive  pattern  is  optimal. 

Evolution  of  the  three  more  common  patterns  may  depend 
only  on  the  properties  of  the  larval  environment.  Assume 
the  following:  (1)  the  length  of  the  larval  prefeeding 

and  feeding  periods  increase  and  decrease  linearly  with  egg 
size,  respectively;  (2)  development  of  feeding  larvae  is 
faster  when  food  is  abundant;  and  (3)  planktonic  and  benthic 
mortality  rates  are  constant  and  perhaps  different.  The 
following  conclusions  emerge:  (A)  when  planktonic  food  is 

abundant  and  planktonic  mortality  low,  planktotrophic 
larvae  with  a long  feeding  period  should  evolve;  (B)  when 
planktonic  food  is  rare  and  planktonic  mortality  low, 
pelagic  leci thotroph ic  larvae  should  evolve;  and  (C)  when 
benthic  mortality  is  lower  than  planktonic  mortality, 
benthic  development  should  evolve.  It  is  to  be  emphasized 
that  pelagic  larval  existence  may  arise  whether  or  not 
larval  dispersal  is  advantageous. 

Evolution  of  those  larvae  with  brief  planktonic 
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existence  may  result  from  selection  for  dispersal  ability. 
Assume  t.ho  following:  (4)  the  species  is  dividocl  into  many 

local  populations  witli  identical  demograpliic  character- 
istics bt'tween  which  migration  via  planktonic  larval  dis- 
persal can  occur;  (5)  each  population  independently  is 
subject  to  random,  density-independent  adult  mortality;  and 
(6) the  probability  that  a planktonic  larva  born  in  a local 
population  metamorphoses  in  that  same  population  decreases 
exponentially  with  time  in  the  plankton.  Under  such 
circumstances,  the  model  predicts  tiiat:  (D)  a long  pelagic 

larval  feeding  period  may  evolve  even  though  planktonic  food 
is  not  particularly  abundant  or  planktonic  mortality  parti- 
cularly low;  or  (E)  a siiort  planktonic  period  following 
prolonged  non-feeding  benthic  existence  may  arise  as  a com- 
p-omise  between  efficient  juvenile  production  via  benthic 
development  and  maximum  post-metamorphosis  survival  result- 
ing from  dispersal. 

Whether  larval  production  and  survival  on  the  one  hand 
or  dispersal  and  post-metamorphosis  survival  on  the  other 
play  the  dominant  role  in  evolution  of  marine  invertebrate 
reproductive  patterns  remains  unclear.  What  does  seem 
clear  is  that  each  is  important  in  specific  cases:  selec- 

tion for  larval  production  is  probably  responsible  for  the 
planktotrophic  larvae  of  those  species  whose  adult  popula- 
tions remain  essentially  constant,  while  selection  for  dis- 
persal probably  produced  those  larvae  with  quite  brief 
planktonic  periods. 
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LIFE  HISTORIES  AND  THE  DYNAMICS 
OF  FOULING  COMMUNITIES 


John  P.  Sutherland 
Duke  University  Marine  Laboratory 
Beaufort,  Nortli  Carolina  28516 


INT'Ki  iDUCTTON 

An  emerging  paradigm  of  marine  benthic  community  organ- 
ization postulates  the  existence  of  competitive  hierarchies 
in  which  one  or  a few  species  "wins"  in  the  absence  of  dis- 
turbances (Connell,  1970,  1972,  1975;  Dayton,  1971,  1975; 
Dayton,  et  at.  , 1974;  Fishelson,  1973;  Menge  and  Sutherland, 
1975;  Paine,  1966,  1971,  1974;  Paine  and  Vadas,  1969;  Porter, 
1972,  1974;  Woodin,  1974).  Competition  is  generally  for 
space  (Connell,  1972)  or  space  and  light  (Dayton,  1975). 

This  process  is  often  counteracted  by  preferer.tial  oreda- 
tion  on  the  dominant  competitor  (e.g.,  Paine,  1966)  or  by 
some  more  generalized  physical  disturbance  (e.g.,  Fishelson, 
1973).  These  latter  processes  generally  result  in  the  co- 
existence of  an  increased  number  of  species  because  the 
competitive  dominant  is  prevented  from  "vjinning".  However, 
predation  and  physical  disturbances  can  also  be  so  intense 
as  to  reduce  species  richness  directly  (Dayton,  1971;  Paine 
and  Vadas , 1969 ) . 

In  spite  of  the  convincing  application  of  this  paradigm 
to  a variety  of  marine  systems,  one  marine  coummunity  gener- 
ally seems  to  lack,  a competitive  dominant.  This  is  the 
community  of  sessile  organisms  associated  with  the  fouling 
of  man-made  structures,  but  which  also  occurs  on  other  hard 
substrate  subtidally  (WHOI,  1952).  It  is  most  often  a com- 
plex mixture  of  hydroids,  bryozoans,  sponges,  and  tunicates. 
In  the  absence  of  (obvious)  predators  and  physical  distur- 
bances, temperate  and  subtropical  fouling  communities  under- 
go continual  and  drastic  changes  in  species  composition 
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(Boyd,  1972;  Cory,  1967;  Fager,  1971;  Hadorlic,  1968; 
Karlson,  1975;  Kawahara,  1962;  McDouqall,  1943;  Millard, 
1952;  Ralph  and  Hurley,  1952;  Smith,  ■ t il . , 1950; 

Sutherland,  1974,  1975;  Sutlierland  and  Karlson,  1973  and  in 
preparation;  Wells,  > t 1964a  ).  Wi  th  a few  notable  ex- 

ceptions, no  single  species  seems  capable  of  monopolizing 
space  for  extended  periods  of  time  (i.e.,  for  many  years). 

Logically,  a competitive  dominant  would  bo  a species 
with  an  "ideal"  space  utilization  strategy.  It  would  have 
a continuously  high  recruitment  rate;  it  would  be  able  to 
invade  and  occupy  previously  occupied  substrate;  and  it 
would  live  for  many  years.  The  last  point  implies  not  only 
longevity,  but  also  a highly  developed  ability  to  prevent 
subsequent  invasions  and  opizooic  overgrowth.  .Short  of  this 
ideal,  competitive  domination  could  conceivably  be  achieved 
by  an  organism  possessing  any  two  of  the  three  "ideal" 
characteristics.  A high  recruitment  rate  coupled  with  an 
ability  to  invade  occupied  substrate  would  obviate  the  ne- 
cessity for  a long  life  span.  The  competitive  dominant 
would  just  have  a high  turnover  rate.  A long-lived  animal 
with  a high  recruitment  rate  could  gradually  occupy  all 
available  space  even  if  the  larvae  wore  poor  invaders  of 
occupied  space.  The  high  recruitment  rate  would  increase 
the  probability  of  successful  invasions,  and  once  settled, 
the  adult  would  be  "permanent".  Finally,  a long-lived 
organism  could  dominate  the  community  even  with  a low  re- 
cruitment rate  if  the  larvae  were  highly  successful  invaders 
of  occupied  substrate. 

In  what  follows  I summarize  some  data  on  recruitment 
rate,  ability  to  invade  occupied  substrate,  and  longevity, 
in  an  attempt  to  discover  which  part  of  the  life  cycle  is 
"responsible"  for  the  absence  of  a competitive  dominant  in 
this  community.  No  attempt  is  made  here  to  thoroughly 
review  the  prodigious  amount  of  literature  on  this  subject, 
but  I believe  the  data  generally  are  characteristic  of 
temperate  and  subtropical  fouling  communities. 

Recruitment:  I have  chosen  four  studies  in  which 


recruitment  data  are  available  for  at  least  two  years  to 
illustrate  what  appears  to  be  an  extraordinary  amount  of 
variability  in  larval  recruitment.  Two  of  these  studies 
were  conducted  on  the  west  coast  of  North  Timerica  at  Bodega 
Bay,  California  (Boyd,  1972),  and  La  Jolla,  California 
(Coo  and  Allen,  1937)  while  the  other  two  were  carried  out 
on  the  east  coast  at  Beaufort,  North  Carolina  (Sutherland 
and  Karlson,  in  preparation)  and  Biscayne  Bay,  Florida 
(Weiss,  1948  a ) . Data  were  taken  from  graphs  (Coe  and 
Allen,  1937;  Weiss,  1948a)  or  tables  (Boyd,  1972; 
Sutherland  and  Karlson,  in  preparation)  and  the  coefficient 
of  variation  (Sokal  and  Rohlf,  1969)  was  calculated  for  the 
recruitment  of  each  species  or  species  group  throughout 
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the  observation  period  (Table  1). 

In  each  study  the  amount  of  variation  in  recruitment 
rate  was  extremely  high,  usually  exceeding  100%  (Table  1). 
This  reflects  not  only  seasonal  variation  in  recruitment, 
often  there  are  months  without  significant  recruitment  of  a 
species,  but  variation  from  year  to  year  during  comparable 
time  periods.  There  is  no  convincing  evidence  that  the 
variation  is  higher  on  the  oast  coast,  in  spite  of  the 
greater  variability  in  temperatures  on  this  coast.  The 
range  in  Beaufort  is  almost  25°C  (Sutherland  and  Karlson, 
1973)  while  the  range  at  Bodega  Bay  is  only  about  5‘'C 
(Sutherland,  1970).  There  is  also  no  clear  correlation  with 
latitude . 

Whatever  the  reason  for  this  variation,  it  makes  it  im- 
possible to  predict  what  larvae  will  be  in  the  plankton  at 
any  given  time.  This  is  borne  out  by  the  variability  in 
initial  development  of  newly  submerged  substrate  (e.g., 
Sutherland  and  Karlson,  1973  and  in  preparation;  Boyd,  1972) 
and  will  become  important  in  the  discussion  that  follows. 

Recruitment  to  previously  occupied  substrate; 

Except  for  some  anecdotal  references  on  the  effect  of  resi- 
dent adults  on  larval  recruitment  (e.g.,  Weiss,  1948  b), 

Boyd  (1972)  was  the  first  to  attempt  a rigorous  analysis  of 
this  process.  His  experimental  design  included  long-term, 
nondestructive  censuses  of  species  composition  on  sequential- 
ly submerged  substrate.  As  a result  he  was  able  to  compare 
larval  recruitment  on  substrates  submerejed  for  different 
periods  of  time,  with  different  densities  of  resident 
adults,  over  the  same  four  week  period.  Some  of  his  results 
are  reproduced  in  Table  2.  In  all  cases  except  one, 
recruitment  was  generally  heaviest  on  the  "youngest"  plates, 
those  submerged  from  four  to  eight  weeks.  Boyd  (1972) 
concluded  that  most  species  "preferent  ^ il  ly  set*-led  on 
essentially  clean  substrates".  The  one  exception  was 
Botv'jlloidea  sp.  which  occured  sporadically  throughout  his 
observation  period  and  settled  equally  well  on  occupied  and 
unoccupied  space. 

Boyd's  results  clearly  indicate  that  resident  adults 
inhibit  subsequent  larval  recruitment,  although  they 
usually  did  not  stop  it  entirely.  However,  he  did  not 
report  which  resident  adults  were  doing  the  inhibiting 
and  whether  or  not  different  species  wore  differentially 
capable  of  preventing  subsequent  recruitment.  I have  made 
observations  of  this  kind  on  sequentially  submerged,  non- 
destructively  sampled  substrate  at  Beauford,  North  Carolina 
(Sutherland  and  Karlson,  1973  and  in  preparation).  Since 
only  percent  cover  data  were  taken  in  my  study,  it  was 
necessary  to  wait  until  a species  (=species  1)  became 
abundant  enough  to  cover  a substantial  portion  of  a plate 
in  order  to  detect  its  presence.  A period  of  90  days 
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'oofficient  of  Variation  in  Rocruiunent  Rate  on  Artificial  Substrate 
Submerqod  for  Slioit  Periods  of  Time.  Data  from  Bodega  Bay  (Boyd,  1972), 
La  Jolla  (Coe  and  Alren,  1973),  Beaufort  (Sutherland  and  Karlson,  in 
prefMratioii)  , and  Biscayno  Bay  (Weiss,  1948a). 
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Table  2. 


Effect  of  Previous  Occupants  on  Larval  Recruitment.  Values  in  table 
are  moan  # of  individuals/100  cm"  after  4 weeks  (n=5) . Comparisons 
were  made  by  means  cf  ANOVA  (Sokal  and  Kohlf,  1969).  From  Boyd  (1972). 
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arbitrarily  taken  as  adequate.  At  the  end  of  that  time,  the 
percent  cover  oi  species  1 was  compared  to  the  percent  cover 
of  species  1 on  a previously  submerqed  plate  which  had  been 
monopolized  ( > 80%  cover)  by  species  2 over  the  90  day 
interval  in  question.  Differences  in  percent  cover  for 
species  1 wore  assumed  to  result  from  the  inhibition  of 
recruitment  and/or  growth  by  species  2. 

Although  Table  3 is  a necessarily  incomplete  catalogu- 
ing of  those  chance  occurer;ces  which  satisfy  the  above 
conditions,  it  is  apparent  once  again  that  residents 
strongly  inhibit  recruitment  and/or  subsequent  growth.  What 
is  of  particular  interest  is  that  many  of  these  relation- 
ships are  reciprocal.  For  example,  Sahir.oporel  La  inhibited 
the  recruitment  and/or  growth  of  several  species,  but  was 
itself  unable  to  invade  areas  occupied  by  these  same  speck’S. 
These  reciprocal  interactions  mean  that  the  order  of  in- 
vasion has  an  important  effect  on  subsequent  community 
development  (see  also  Sutherland  1974). 

Other  observations  at  Beaufort  (Sutherland  and  Karlson, 
1973,  in  preparation)  indicate  that  some  species  are  better 
able  to  inhibit  subsequent  larval  recruitment  than  others. 
For  example,  Hu  iv.i'tinia  ecj'ninata , an  encrusting  hydroid, 
has  occupied  one  plate  for  three  and  one  half  years,  resist- 
ing essentially  all  larval  recruitment  during  that  time. 

On  the  other  end  of  the  scale,  oysters  and  barnacles 
(unless  the  latter  are  very  dense)  are  usually  overgrown 
by  new  recruits  in  a few  months. 

The  larvae  of  some  species  are  also  better  able  to  in- 
vade than  others.  '^or  example,  Styela  plicata  commonly  in- 
vaded mixed  assemblages  of  adults  from  1972-1974,  and  in 
December  1974  many  previously  occupied  plates  were  invaded 
by  Botvyllus  (Sutherland  and  Karlson,  in  preparation).  The 
sponges,  Ualiolona,  and  Haliahondria , are  also  good  in- 
vaders of  occupied  substrates  at  Beaufort  (Zee.  ait.). 
Finally,  we  have  already  seen  that  Botrulloidee  sp.  is 
capable  of  invading  adult  assemblages  at  Bodega  Bay 
(Table  2)  . 

Except  for  the  few  species  like  Hpdraatinia  at 
Beaufort,  or  Aurelia  schyphistomae  at  Bodega  Bay  (Table  4) 
no  resident  assemblage  is  completely  invulnerable  to  larval 
recruitment.  Sahir.oporella  unicornis  at  Beaufort  is  one  of 
the  most  highly  resistant  species  to  subsequent  larval 
recruitment  (Sutherland,  1975).  Nonetheless,  species  are 
gradually  added  to  Sahizoporella  monopolies.  For  example, 
three  plates  submerqed  at  Beaufort  in  August  1971  were 
monopolized  by  .Schir.oporella , yet  diversity  gradually 
increased  with  time  (Fig.  1). 
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Table  4. 


Longotivity . 

Bodega  Bay  Data  from  Boyd  (1972,  Table  13).  Life  cycle  length  - longe- 
vity of  an  individual.  Beaufort  data  from  long-term,  nondestructive 
censuses  of  artificial  substrates  (Sutherland  and  Karlson,  in  prepara- 
tion) . Residence  time  may  be  greater  tlian  individual  life  spans  if  re- 
placement occurs. 


Lodega  Bay, 

Ca  lifornia 

Beaufort , 

North  Carolina 

Life  Cycle 

Maximum  Median 

Length 

Residence  Time 

(years) 

(years) 

Obelia  spp. 

0.2 

Halichondria 

0.7 

Balanus 

Haliolona 

0.8 

cvena tus 

0.8 

Hydractinia 

indefinite 

Bugula 

call  formica 

0.5  - 0.7 

Pennavia 

0.6 

Bowerbankia 

Tub'ularia 

0.7 

gvaailis 

0.3  - 0.4 

Bugula 

0.8 

Sohizoporelta 

uniaomis 

0.3  - 0.5 

Schizopovella 

2.5 

Cr’jptosula 

A.soidia 

0.4 

pallasiana 

0.3  - 0.5 

Styela 

1.2 

Aseidia 

aeratodes 

0.5  - 0.7 

Botryllus 

0.4 

Botpijlloides 

Os trea 

0.8 

sp. 

0.2  - 0.3 

Balanus 

1.0 

Aurelia  labiata 

(Schyphistoma) 

indefinite 
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It  is  thus  clear  that  resident  assemblages  inhibit  sub- 
sequent larval  recruitment  and  that  many  of  these  interact- 
ions are  reciprocal.  It  is  also  clear  that  different 
species  are  differentially  capable  of  resisting  larval  re- 
cruitment as  adults  and  of  invading  adult  assemblages  as 
larvae.  Thus  the  successful  invasion  of  an  adult  assemblage 
is  a highly  complex  matter  depending  on  the  species  com- 
position of  that  assemblage  and  the  species  composition  of 
the  larvae  in  the  plankton. 

Longevity:  Data  on  this  aspect  of  the  biology  of  these 

organisms  are  rare  because  most  sampling  regimes  are  de- 
structive in  nature.  Two  studies  which  include  data  on 
longevity  are  those  of  Boyd  (1972)  at  Bodega  Bay,  and  my 
own  studies  at  Beaufort  (Sutherland  and  Karlson,  1973  and  in 
preparation.  In  both  cases  information  is  based  on  repeated, 
nondestructive  censuses  of  the  same  substrates. 

Clearly  most  of  the  dominant  organisms  on  both  coasts 
are  short-lived,  even  allowing  for  the  possible  overestimat- 
ion of  longevity  at  Beaufort  (Table  4).  Life  spans  of  four 
to  eight  months  are  common.  In  each  area,  however,  there 
appears  to  be  one  species  capable  of  persisting  for  an  in- 
definite period  of  time.  This  persistence  implies  not  only 
longevity,  but  an  ability  to  prevent  subsequent  larval  re- 
cruitment . 

These  short  life  spans  contribute  to  the  spontaneous 
"slough-offs"  which  are  often  associated  with  the  mortality 
of  the  dominant  organisms.  Organisms  which  are  attached  to 
the  dying  species  disappear  with  it.  In  some  cases  slough- 
offs  can  occur  when  apparently  healthy  organisms  become 
detached  from  the  substrate.  This  occurs  commonly  with 
solitary  tunicates  at  Beaufort,  organisms  which  are  capable 
of  settling  in  mixed  species  assemblages.  Often  the  site 
of  attachment  is  initially  precarious,  being  on  top  of  other 
organisms  rather  than  on  primary  substrate.  Although  the 
attachment  site  may  serve  while  the  tunicate  is  small,  it 
eventually  becomes  too  large  and  is  dislodged  along  with 
the  original  occupant  by  tidal  currents.  This  can  happen 
with  many  individuals  simultaneously  and  can  be  a catas- 
trophic event  leaving  behind  much  free  space. 

Whatever  their  cause,  slough-offs  at  Beaufort  commonly 
occur  in  the  fall  and  can  result  in  the  provision  of  20-60% 
clear  substrate  (Fig.  2) . Similar  events  have  been  ob- 
served in  fouling  communities  in  California  (Boyd,  1972; 
Haderlie,  1968;  Fager,  1971),  Japan  (Kawahara,  1962), 

New  Zealand  (Ralph  and  Hurley,  1952)  and  South  Africa 
(Millard,  1952). 
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If  wo  now  ask  which  part  of  the  life  cycle  is  "respon- 
sible" for  the  absence  of  a competitive  dominant  in  this 
community,  the  answer  for  most  species  is  "all  throe  parts". 
The  majoroty  of  the  species  discussed  here  have  extremely 
variable  recruitment,  have  difficulty  invading  previously 
occupied  substrate,  and  are  short-lived.  The  longest-lived 
organisms,  e.g.,  Hydi^actinia  at  Beaufort  and  Aui'rlia 
schyphistomae  at  Bodega  Bay  (Table  4),  "almost  never" 
reproduced.  At  Beaufort  we  have  observed  only  five  or  six 
colonies  of  H'jdvaatini'i  in  four  years  of  following  several 
hundred  plates.  The  same  low  level  of  recruitment  was  true 
for  Aur'eLia  schyphistomae  at  Bodega  Bay  (Boyd,  1972).  Ad- 
ditionally those  species  seem  incapable  of  invading 
occupied  substrate;  all  but  one  of  the  ludrac tinia  colonies 
observed  at  Beaufort  were  epizooic  and  disappeared  along 
with  the  original  occupant.  onhizoporella  at  Beaufort  has 
a high,  but  variable  recruitment  rate  and  colonies  persist 
for  a moderately  long  time  (Table  4) , but  it  is  such  a poor 
invader  of  occupied  substrate  it  gradually  disappears  from 
undisturbed  communities  (Sutherland,  1975).  Styela  is  the 
only  other  possibility  at  Beaufort,  having  a moderately  long 
life  (Table  1)  and  being  able  to  invade  occupied  substrate. 
However,  when  this  solitary  tunicate  becomes  dense  enough 
to  exclude  other  community  members,  the  resulting,  anasto- 
mozing  mats  of  individuals  become  unstable  and  slough  off 
(Sutherland  and  Karlson,  1973;  Sutherland,  1974).  The 
longest-lived  individuals  are  solitary. 

In  the  absence  of  disturbance  there  are  periods  wlien 
one  or  more  of  the  "good  invaders"  (e.g.,  solitary  and 
colonial  tunicates  and  sponges)  is  dominant,  occupying 
greater  than  50%  of  the  area  (e.g.,  Boyd,  1972;  Karlson, 

1975;  Sutherland  and  Karlson,  1973,  in  preparation). 

However,  this  dominance  does  not  last  because  the  organisms 
are  short-lived  or  conversely  because  their  recruitment 
rates  are  so  low.  I conclude  in  general  that  there  is  no 
competitive  dominant  in  temperate  and  subtropical  fouling 
communities.  The  absence  of  such  a dominant  represents  a 
fundamental  difference  between  this  community  and  other  well 
known  benthic  marine  communities  (Dayton,  1971,  1975). 

While  certain  species  can  impart  some  degree  of  stabi- 
lity to  the  community  by  persisting  for  considerable  lengths 
of  time  and  by  resisting  larval  invasion  (I  have  called 
these  patches  multiple  stable  points  (Sutherland,  1974)), 
over  a period  of  several  years  species  are  usually  added  as 
a result  of  larval  recruitment  (e.g..  Fig.  1).  Additionally, 
short  life  spans  contribute  to  more  or  less  annual,  catas- 
trophic slough-offs  which  result  in  the  provision  of  sub- 
stantial amounts  of  free  space  (e.g..  Fig.  2).  We  have  seen 
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that  free  space  is  the  preferred  site  for  subsequent  larval 
recruitment  (Table  2).  Indeed,  sequential  observations  of 
substrate  at  Beaufort  have  indicated  that  free  space  pro- 
duced by  slough-offs  has  usually  been  colonized  by  new 
recruits  rather  than  being  filled  in  by  the  expansion  of 
resident  colonies  (95%  of  the  time,  n = 42) . We  have  also 
seen  that  variability  in  larval  recruitment  is  high.  Thus 
we  cannot  predict  which  larvae  will  be  added  to  resident 
assemblages  or  to  the  free  space  made  available  by  catastro- 
phic slough-offs.  However,  observations  at  Beaufort  have 
shown  that  the  species  settling  in  the  free  space  is  usual- 
ly a different  species  than  the  original  occupant  (82%  of 
the  time,  n = 39).  The  subsequent  development  of  this  free 
space  depends  on  the  abiliy  of  the  new  resident  to  resist 
subsequent  recruitment  and  the  identity  of  the  larval 
recruits.  Thus  variable  recruitment,  differential  ability 
to  invade  occupied  substrate,  and  short  life  spans  all  work 
together  to  produce  a community  with  no  stable  climax  of  the 
"usual"  sort  (e.g.,  Odum,  1969).  Change  is  the  rule  rather 
than  the  exception  in  fouling  communities  all  over  the  world, 
in  North  Carolina  (Karlson,  1975;  McDougall,  1943; 
Sutherland,  1974,  1975;  Sutherland  and  Karlson,  1973,  in 
preparation),  Florida  (Smith,  at  al . , 1950),  California 
(Boyd,  1972;  Haderlie,  1968;  Fager,  1971),  Japan  (Kawahara, 
1962),  New  Zealand  (Ralph  and  Hurley,  1952),  and  South 
Africa  (Millard,  1952). 

Terrestrial  plant  communities  are  traditionally  thought 
to  respond  to  perturbations  (e.g.,  fires)  with  a community 
controlled  process  called  succession  (Odum,  1969).  In  at 
least  some  of  these  communities,  viable  seeds  of  succession- 
al  species  are  present  in  the  soil  and  germinate  immediately 
after  the  climax  species  are  removed  (Marks,  1974).  These 
successional  species  "prepare  the  way"  for  the  development 
of  the  climax  community.  In  contrast  the  fouling  community 
has  no  such  reservoir  of  "successional"  species.  Colonizat- 
ion is  generally  by  animals  which  have  short-lived,  even 
nonfeeding  larvae  (Barnes,  1968).  Instead  of  "preparing  the 
way"  for  subsequent  larval  recruitment,  residents  often 
inhibit  it.  Finally,  the  process  of  community  development, 
e.g.,  on  unoccupied  substrate,  usually  does  not  produce  a 
stable  climax.  Thus  fouling  communities  provide  little 
evidence  in  support  of  the  traditional  view  of  succession 
(e.g. , Odum , 1969 ) . 

In  all  benthic  communities,  larval  recruitment  repre- 
sents the  major  process  by  which  the  community  responds  to 
perturbations,  but  at  the  same  time  constitues  a potential 
perturbation  to  existing  adult  assemblages.  I believe  fu- 
ture research  should  focus  on  the  ability  of  larvae  to 
invade  previously  occupied  substrate  and  on  the  mechani.=m  by 
which  the  resident  adults  inhibit  this  invasion.  In 
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addition,  studies  should  be  conducted  which,  whenever  possi- 
ble, involve  long-term,  nondestructive  censuses  of  the  same 
sites.  Only  in  this  way  can  the  essential  life  history  in- 
formation be  gathered  on  the  community  members,  and  only  in 
this  way  can  questions  related  to  community  stability  be 
answered.  Finally,  the  roles  of  important  community  members 
can  only  be  determined  through  the  experimental  manipulation 
of  their  density,  e.g.,  excluding  important  predators  or  re- 
moving important  competitors. 
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ECOLOGICAL  IMPLICATIONS  OF  PATTERNS  OF  ROCKY  INTER- 
TIDAL COMMUNITY  STRUCTURE  AND  BEHAVIOR 
ALONG  AN  ENVIRONMENTAL  GRADIENT 


Bruce  A.  Menqe 
Department  of  Bioloqy 
University  of  Massachusetts 
Boston,  Massachusetts  02125 

INTRODUCTION 

In  seeking  to  understand  local  and  geographic  patterns 
of  community  structure  and  behavior,  most  ecologists  have 
relied  on  examination  and  comparison  of  such  patterns. 

Though  these  techniques  will  always  remain  an  integral  part 
of  the  fabric  of  ecological  research,  ecologists  are  becom- 
ing increasingly  aware  of  the  equivocal  nature  of  conclu- 
sions based  exclusively  on  an  observational-comparative 
approach.  Luckily,  increasing  numbers  of  ecologists  realize 
that  the  best  way  to  reduce  such  uncertainty  is  through  the 
performance  of  controlled,  replicated  field  experiments 
(e.g.  Connell,  1975a, b;  Dayton,  1971,  1975a;  B.  Menge  and 
Sutherland,  1975;  Paine,  1974;  Schroder  and  Rosenzweig,  1975). 
At  present  the  primary  pract  i tio.ners  of  this  approach  aie 
marine  and  plant  eeoloMlsi-s,  perhaps  because  the  organisms 
they  study  are  largely  slow  moving  or  sessile  and  readily 
manipulated.  In  my  opinion,  some  of  the  most  exciting 
advances  in  our  understanding  of  community-level  patterns 
have  emerged  over  the  past  fifteen  years  from  experimental 
field  studies  in  these  systems. 

Early  work  in  community  ecology  established  the  exist- 
ence of  certain  recurrent  patterns  of  distribution,  abund- 
ance, size,  trophic  structure,  species  diversity  and  commu- 
nity development;  i.e.  various  patterns  of  community 
"structure"  were  observed.  Current  research  is  aimed  pri- 
marily at  understanding  the  dynamics  of  communities;  i.e. 
how  an  observed  community  structure  arises  and  persists.  An 
especially  intriguing  and  controversial  focal  point  has  been 
the  problem  of  understanding  why  certain  areas  of  the  globe 
have  many  more  species  than  others.  More  specifically, 
ecologists  have  tried  to  explain  the  relative  effects  of 
several  factors  (e.g.  predation,  competition,  climatic  sta- 
bility, productivity,  spatial  heterogeneity,  time. 
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lomporal  hetoroyenoi ty  - soe  Pianka,i906,  1974)  on  patterns 
of  within  and  between  habitat  species  liiversit.y  (MacArthur, 
1964,  1969).  A recent  synthesis  by  B.  Menye  and  Sutherland 

(1975),  considered  in  some  detail  below,  suyyc'sts  local  spe- 
cies diversity  is  maintained  primarily  by  the  relative  over- 
all (community-wide)  intensity  of  predation  and  competition, 
which  are  inversely  related.  These  are  in  turn  influenced 
by  climatic  stability,  temporal  heteroyene i ty , structural 
heteroyeneity , productivity,  and  perhaps  other  factors. 
Sutherland  and  I further  suygested  that  decreasing  environ- 
mental rigor  permitted  the  development  of  an  increasingly 
complex  trophic  structure.  When  trophic  structure  is  com- 
plex (e.g.  many  trophic  levels,  many  connections  between  com- 
ponent species),  predation  is  intense  and  is  the  dominant 
structuring  agent  in  the  community.  In  trophically  simpler 
communities  overall  predation  intensity  lessens  and  the  role 
of  competition  in  structuring  the  community  increases.  This 
synthesis  is  supported  by  experimental  data  from  several 
habitats  (e . g . Connel , 1 96 la , 1970,  1971,  1975b;  Dayton,  1971, 
1975a;  Jac)cson,  1972 ; B.  .Menge,  1972b , 1976;  Paine,  1966,  1971, 
1974  - Wood in,  1974)  . 

A second  even  more  controversial  problem  has  been  try- 
ing to  understand  differences  in  community  "stability"  among 
similar  Icinds  of  habitats  (e.g.  rocky  intertidal  region,  for- 
ests, deserts,  lakes,  etc.)  experiencing  different  regimes 
of  environmental  stability  (e.g.  see  Woodwell  and  Smith,  1969). 
The  latter  question  has  been  especially  problematic  because 
"stability"  can  be  defined  in  numerous  quite  different  but 
equally  significant  ways  (Boiling, 1973;  Margalef , 1969) . A 
major,  but  as  yet  poorly  quantified,  global  pattern  of  commu- 
nity "stability"  seems  to  be  that  tropical  communities  are 
more  persistent  (i.e.  exhibit  1 ess  variation  over  time)  but 
have  less  resilience  (Bolling,  1973)  or  adjustment  stability 
(Margalef,  1969)  than  do  more  poleward  communities  (but  see 
Peterson, 1975, for  qualifications) . 

In  this  paper,  I examine  these  two  problems  (species 
diversity  and  community  stability)  and  suggest  qualitative 
models  explaining  patterns  of  community  organization  and  co- 
mmunity stability.  These  models  are  in  many  ways  tentative 
and  speculative,,  but  rest  nonetheless  on  what  I feel  to  be  a 
firm  foundation  of  largely  experimental  field  analysesof  co:-- 
manity  structure.  This  paper,  though  an  "overview"  of  ex- 
perimental community  ecology,  is  not  a review  in  the  strict 
sense.  Quite  adequate  reviews  have  recently  appeared  else- 
where (Connell  ,1972  , 1975a, b;  B.  .Menge  and  Sutherland  , 197 5 ) . 
Rather,  my  goals  here  are  to  concentrate  on  general  concepts 
with  reference  to  relevant  publications  when  appropriate. 

Some  data  from  my  studies  on  rocky  intertidal  community  orga- 
nization in  New  England  are  included  to  illustrate  my  points. 
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COMMUNITY  STRUCTURK  AND  ORGANIZATION 
ALONG  L'NVIRONMLNTAL  GRADIENTS 


Def in i L ions 


Des[jiLo  the  soniotimos  overwhelming  confusion  in  the 
literature,  few  critical  concepts  in  ecology  have  a single 
widely  accepted  definition.  As  a result,  such  terms  as 
competition,  community,  predation,  etc.,  must  be  redefined 
with  each  use.  The  definitions  I have  in  mind  when  using 
such  terms  in  this  paper  arc  given  in  Table  1.  These  are 
taken  from  sev’eral  sources  (Dayton , 197 1 , May  1973;  B.  Menge, 
1976;  B.  Menge  and  Suthcrlar  ' 1975,  Pianka,  1974,  Reynoldson 
and  Bellamy, 1971 , Root, 1967). 


Causes  of  Conununity  Structure  in  Hard  Bottom  Marine  Systems 

■Modern  science  iias  progressed  primarily  by  an  inter- 
play between  analytic  and  synthetic  tectiniques,  the  goal 
being  to  build  an  understanding  of  complex  systems  by  an 
understanding  of  the  behavior  of  its  components  and  how 
these  interact  to  produce  the  observed  system.  Hence  the 
eventual  development  of  a global  model  or  cluster  of  models 
of  community  organization  should  rest  on  syntheses  suggest- 
ed by  analyses  of  local  communities  arrayed  along  local 
environmental  gradients.  Subsequent  comparison  between  sucl. 
systems  should  reveal  whicii  generalizations  are  restricted 
to  local  situations  and  which  can  be  broadened  to  higher 
levels  of  complexity  to  explain  widely  observed  patterns. 

The  fact  that  some  areas  have  relatively  many  species 
(e.g.  tropical  forests,  coral  reefs,  deep-sea  soft  sediment 
communities,  etc.)  and  others  have  relatively  fewer  (e.g. 
temperate  forests,  kelp  forests,  shallow-sea  soft  sediment 
communities,  etc.)  is,  of  course,  widely  realized  (e.g.  see 
MacArthur, 1969 , 1972:  Rick lef s, 197 3 ) . Although  the  genera- 

tion of  species  and  thus  species  diversity  results  from 
poorly  understood  speciation  processes,  the  maintenance  of 
varying  levels  of  species  diversity  is  clearly  some  func- 
tion of  interactions  between  characteristics  of  the  biologi- 
cal and  physical  environment.  In  my  view,  the  biological 
interactions  of  predation  (including  herbivory) , biological 
disturbances  caused  by  the  activities  of  a species,  and 
competition  are  the  cardinal  factors  regulating  local 
species  diversity.  Other  factors  such  as  structural  and 
temporal  heterogeneity,  production,  etc., have  modifying 
effects  and  may  affect  diversity  both  directly  and  indi- 
rectly tlirough  their  effects  on  predatory  or  competitive 
interactions  (B.  Menge  and  Sutherland, 1975). 

Recently,  Sutherland  and  I suggested  a simple  model 
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to  explain  the  seemiiujly  contradictory  (e.y.  Pianka, 1966 ) 
eftects  ot  competition  and  predation  on  species  diversity  in 
a community.  Sumnuir  iz  i nij  what  are  actually  rather  complex 
hypotheses,  the  predation  hypothesis  suyyests  that  selective 
pretlation  on  competitively  dominant  species  maintains  hiyh 
species  viiverr.ity  by  alleviatiny  competition  and  permittiny 
the  invasion  and  persistence  of  otherwise  inferior  competi- 
tors (e.y.  Paine,  1966J.  Predation  intensity  increases  with 
increased  environmental  stability  because  predator  activity 
and  diversity  increases  in  such  environments.  Various 
portions  of  this  hypothesis  are  supported  by  evidence  from 
field  experiments  (e.y.  \\all,et  il . , 1970;  Paine,  1966,  1971  ; 
see  B.  Henye  and  Sutherland, 1975,  for  additional  references). 

The  competition  hypothesis  aryues,  on  the  other  hand, 
that  with  increased  environmental  stability,  competition 
intensity  increases  because  species  can  devote  more  time 
and  eneryy  to  resource  acquisition  (and  less  to  copiny  with 
the  physical  environment)  (MacArthur  and  Wi Ison, 1967 ) . 
Intense  competition  results  in  increased  specialization  and 
hiyher  species  diversity  (MacArthur, 1972) . Evidence  sup- 
portiny  this  hypothesis  is  mostly  of  an  indirect,  corre- 
lative nature;  see  B.  Menye  and  Sutherland  (1975)  for  re- 
ferences and  a more  detailed  summary  of  these  hypotheses. 

Fiy.  1 (from  B.  .Menye  and  Sutherland,  1975)  suyyests 
how  theses  hypotheses  may  be  combined  into  a simple  model 
whicii  reconciles  the  apparent  contradictions  between  them. 
The  basic  points  of  the  model  are  that  within  a community, 

(11  competition  reyulates  species  number  in  a yuild  only 
when  the  members  of  that  yuild  actually  compete,  i.e.  when 
they  are  at  or  near  carryiny  capacity  (K).  This  is  usually 
true  at  relatively  hijher  trophic  levels  because  of  the 
absence  of  other  controlling  factors  (e.g.  predation;  Fig. 
laj.  On  the  other  hand,  (2)  predation  regulates  the  number 
of  species  present  in  guilds  of  lou  trophic  status  (Fig.  la). 
Between  communities  and  between  habitats,  competition  should 
be  relatively  more  important  than  predation  as  an  overall 
organizing  factor  in  communities  with  few  trophic  levels 
(Fig.  lb).  Further,  because  predators  seem  less  capable 
of  dealing  with  environmental  harshness  than  do  their  prey 
(Connell,  1971) , such  trophically  simple  communities  should 
occur  in  physically  rigorous  environments.  In  more  moderate 
physical  environments,  species  of  higher  trophic  status  can 
persist  and  predation  should  become  relatively  more  impor- 
tant as  an  overall  organizing  factor  (Fig.  lb) . 

An  important  qualification  to  this  model  clarifies  an 
apparent  contradiction.  In  some  systems  with  complex 
trophic  organization,  the  species  providing  most  of  the 
visually  obvious  community  structure  are  of  low  trophic 
status  (plants  such  as  trees,  kelp,  otlier  macroalgae). 
Further,  in  many  systems  plants  probably  compete  for  space 
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Summarizing  unpublished  data 


and  ob.st'rvat  ions , 
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Fig.  1.  Qualitative  model  of  the  relative  wi thin-community 
(A)  and  between-communi ty  and  habitat  (B)  importance  of 
interspecific  competition  and  predation  in  organizing  com- 
munities. The  relationships  are  linear  for  convenience  and 
are  not  intended  to  convey  any  particular  quantitative  re- 
lationship. Suggested  positions  of  communities  discussed 
in  the  text  are:  A - A' , New  England  exposed  to  protected 

areas;  B - B’,  Pacific  Northv/est  coast  exposed  to  protected 
areas.  C indicates  tiie  region  which  communities  of  great 
trophic  complexity  are  hypothesized  to  occupy.  These  might 
include  some  coral  reef  communities,  kelp  forests  in  tlie 
Pacific  Northwest  and  southern  California,  the  subtidal 
community  in  McMurdo  Sound,  Antarctica,  deep-sea  communi- 
ties, etc. 
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ami  light  under  natural  comiitions.  Nonetheless,  tiie  diver- 
sity oE  those  plants  and  thus  a major  part  of  tiie  observed 
community  structure  may  still  be  an  increasing  function  of 
predation  intensity  on  juvenile  stages  (e.g.  Connell,  1‘171, 
Janzen,  1970)  . Tliat  is,  the  adult  plants  in  those  systems 
may  represent  those  that  have  "escaped"  predators  (and 
other  sources  of  mortality)  (Connell, 1975b) . Experimental 
evidence  from  all  the  systems  mentioned  above  supports  this 
interpretation  (Connel 1 , 1 97 1 ; Dayton,  1975a, b;  J.  Menge, 

1975)  . 


Predictions  of  the  Model 

Three  key  predictions  of  this  model  are  that,  along 
gradients  of  decreasing  environmental  rigor,  (1)  predation 
should  be  increasingly  important  in  organizing  communities, 
(2)  predator  effectiveness  should  increase,  and  (3)  within 
any  particular  conununity,  the  number  of  species  coexisting 
in  the  top  trophic  level  should  be  primarily  a function  of 
competition.  Removal  of  a competitor  should  result  in  some 
sort  of  niche  expansion  by  the  remaining  competitors. 

Prediction  1.  Predation  should  bo  increasingly  important  in 
organizing  communities  along  gradients  of  decreasing  en- 
vironmental rigor. 

I have  tested  this  iiypotiiesis  at  areas  located  along  a 
gradient  of  exposure  to  increasing  wave  shock  in  New 
England  (B.  Menge,  1976;  B.  Menge  and  Suttier land,  1975)  , an 
e.xample  of  whicli  is  given  in  Fig.  2.  T)>.is  figure  (1)  sum- 
marizes major  features  of  community  structure  at  typical 
exposed  and  protected  rocky  mid  intertidal  areas  in  New 
England,  md  (2)  gives  typical  results  of  predator  exclusion 
experiments  at  sucti  areas.  Clearly,  predation  by  the  gas- 
tropod Tkaits  LapilLu.--!  has  no  influence  at  exposed  areas 
while  at  protected  aieas  it  is  the  factor  preventing  the 
dominant  competitor  for  space,  the  mussel  ”yiilus  edulir, , 
from  monopolizing  primary  space  (Fig.  2).  Moreover,  when 
predators  are  excluded,  only  two  species  co-occur  in  the  mid 
intertidal  at  protected  areas  (excluding  ephemeral  algae), 
while  approximately  eig)it  species  co-occur  in  t)ie  presence 
of  the  competitor  (Fig.  2).  A comparable  predation  effect 
along  a gradient  of  exposure  to  waves  lias  been  documented 
on  pilings  on  tfie  coast  of  New  Jersey  by  Peterson  (1975a, 
personal  communication).  Combining  these  studies  with 
earlier  ones  ( Day ton , 1 97 1 , Hall,  et  at.,  1970;  Paine, J 966, 
1971,  1974),  the  maintenance  of  high  species  richness  by 
predation  has  been  experimentally  demonstrated  in  at  least 
five  distinct  habitats.  Moreover,  these  studies  (at  least 
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patterns  of  community  structure  and  behavior  can  be  achieved 
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Fig.  2.  A summary  of  the  structure  and  organization  of 
exposed  and  protected  mid  intertidal  communities  in  New 
England  (from  B.  Menge  1976).  Abundance  of  space  occupiers 
is  mean  percent  cover  of  primary  or  canopy  space.  Though 
present  at  exposed  areas,  Thais  have  no  effect  on  community 
structure  (see  Table  2).  The  predator  exclusion  experi- 
ments are  examples  taken  from  B.  Menge  (1976).  The  predator 
and  Mytilus  exclusion  treatment  tests  the  hypothesis  that 
Mytilus  outcompetes  Balanus  for  space  when  predators  are 
absent.  Canopy  cover  in  the  protected  experiment  is  the 
mean  cover  obtained  over  the  same  time  interval  in  transects 
used  to  monitor  persistence  stability  of  the  community 
(Table  3).  Bb  = Balanus  balanoides , Me  = Mytilus  edulic , 

Fv  = Fuaus  vesiculosis . Hildenbrandia  is  an  encrusting  red 
alga . 
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the  marine  ones)  liave  been  done  in  physical  environments 
witli  cjuite  different  levels  of  environmental  variation, 
stress,  and  predictability.  'Die  studies  on  t)ie  east  coast 
of  Nortli  America,  which  subjectively  seems  a less  physically 
stable  environment  (e.y.  B.  Menye  and  Suther land , 197 5 , 
Sanders , 1968)  showed  that  the  intensity  of  predation  and 
conpetition  were  inversely  related  to  eacli  other  with  pre- 
dation intensity  increasing  with  increasing  physical  en- 
vironmental stability  (e.g.  B.  Menge,1976;  B.  Menge  and 
Sutfierland  , 1975  : Peterson  , 1975)  . On  the  more  physically 
stable  west  coast,  predation  is  the  main  structuring  agent; 
competition  for  S[;ace  occurs  only  when  predators  are  ex- 
cluded regardless  of  relative  physical  stability  (Dayton, 
1971;  Paine, 1966,  1974).  Hence,  as  predicted,  the  effect 
of  predation  on  community  structure  (distribution  and 
abundance,  species  ricliness)  increases  wiih  a decrease  in 
environmental  rigor. 

Prediction  2.  Individual  predator  effectiveness  should 
increase  along  gradients  of  decreasing  environmental  rigor. 

Tliis  prediction  is  actually  a statement  of  the  me- 
clianism  of  Prediction  1 and  has  been  suggested  before 
(Connell, 1975b,  B.  Menge, 1976;  B.  Menge  and  Sutherland, 
1975).  In  New  England,  Thais  is  functionally  the  only  mid 
intertidal  predator  at  most  areas  (B.  Menge,  1976).  This 
gastropod  preys  primarily  on  "utilua  and  Balanus  (B.  Menge, 
1976;  Fig.  2),  two  species  providing  much  of  the  spatial 
structure  of  the  rocliy  intertidal  community  (Fig.  2).  To 
test  the  hypotliesis  that  per  individual  Thais  effectiveness 
increases  with  decreasing  exposure  to  waves  and  decreasing 
desiccation,  I ran  a series  of  field  experiments  (to  be 
more  fully  published  elsewhere)  designed  to  provide  an 
"index"  of  Thais  effectiveness  under  different  conditions 
(e.g.  exposed  vs.  protected,  desiccated  vs.  moist  habitats, 
etc.).  Briefly,  these  experiments  yielded  data  on  the 
number  of  mussels  (out  of  twenty  per  cage  per  experiment) 
eaten  by  five  Thais  in  a cage  placed  in  the  mid  intertidal 
at  an  exposed  point  and  a protected  cove.  At  each  area 
cages  were  placed  in  the  high  and  low  mid  intertidal  region, 
under  algal  canopy  or  not,  near  and  away  from  crevices,  etc. 
There  were  four  replicates  per  treatment  and  each  experiment 
ran  from  three  to  seven  days.  Size  of  mussels  and  Thais 
were  kept  the  same  through  all  experiments.  Some  results 
are  given  in  Table  2.  In  the  lower  mid  intertidal  (first, 
second,  and  fourth  columns  in  Table  2),  high  levels  of  wave 
shock  reduce  the  number  of  mussels  eaten  by  Thais,  although 
the  difference  is  not  significant  in  one  of  the  three 
cases.  Note,  however,  that  the  number  of  mussels  eaten  in 
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Table  2. 


Predator  of  foot iveness  under  different 
environmental  conilitions. 


Relative  Desiccation  Intensity' 


Exposure  to  Wave  Sliock 

High  Low 

(No  canopy) (canopy) 

High 

(High 

inter- 

tidal 

Low 

(Low 

inter- 

tidah 

E.xposed 

36 

145 

75 

128 

Protected 

65 

161 

43 

183 

(Exposed  to  Protected)*^ 

8.33** 

0.48 

CO 

CO 

‘ 9.  7 3** 

X^(2  X 2) 

4 . 

. 24  ** 

17 

.22** 

'^Number  in  each  cell  is  the  number  of  mussels  eaten  summed 
over  several  experiments  (9  or  6)  and  four  cages  per  ex- 
periment. The  first  two  columns  are  summed  over  nine  low- 
mid  intertidal  experiments.  Tlie  last  two  columns  are  sum- 
med over  six  higti-mid  low-mid  intertidal  experiments. 

^ * = significant  at  the  5%  level;  **  = significant  at  the 
1%  level. 
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hicjh  intertidal  caqet;  was  cjreater  (ratlier  than  less)  at  tlie 
exposed  area  tlian  at  the  [protected  area.  This  suggests  that 
severe  diisieca  t ion  is  sometimes  mori'  inhibitory  to  Thuia 
than  wave  shock,  particularly  during  sununer  wlien  tliese  ex- 
periments were  run.  Kelativel>  severe  desiccation  also  re- 
duces the  number  of  mut sels  eaten  when  the  snails  are  not 
under  a canopy  or  arc'  in  tlie  higii  intertidal  (Table  2). 

These  results  suggest  that  the  effectiveness  of  Thais  as  a 
predator  is  a function  of  botli  wave  sliock  and  desiccation 
stress.  More  generally,  tiiese  data  support  the  hypothesis 
tiiat  a predator's  effectiveness  is  strongly  influenced  by 
its  physical  environment. 

Prediction  1.  The  number  of  species  coexisting  in  the  top 
tropiiic  level  should  be  mediated  primarily  by  competition. 

Tiiis  prediction  and  various  related  ones  have  been  a 
focal  point  of  a prodigious  amount  of  ecological  research 
(e.g.  MacArtliur,  1972;  Schoener,  1974).  Unfortunately, 
relatively  little  of  this  research  lias  been  of  an  experi- 
mental nature  (see  Connell,  1975a, b,  for  references). 

However,  in  the  rocky  intertidal,  several  experimental 
studies  indicate  that  competition  organizes  guilds  at  the 
top  trophic  position  in  a community.  At  those  areas  in 
New  England  (mid  intertidal),  in  the  British  Isles  and 
southern  California  (high  intertidal)  where  predators  are 
naturally  absent  (or  ineffective),  the  "top"  tropiiic  level 
consists  of  filter  feeding  barnacles  and  mussels  which  have 
been  experimentally  demonstrated  to  compete  for  space 
(Connell, 1961a;  Harger,  1970;  B.  Menge,1976;  B.  Menge  and 
Sutherland,  1 97 6 ) . In  more  trophically  complex  west  coast 
rocky  intertidal  communities,  competition  has  been  shown  to 
occur  between  two  top  asteroid  carnivores  (B.  Menge,  197  2b; 

J.  Menge  and  B.  Menge, 1974)  and  may  occur  between  several 
species  of  predaceous  gastropods  as  well  (Connell , 1970 ) . 
Further,  when  one  asteroid  (Pis  ;s  ter‘)  is  absent  from  a 
habitat,  the  niche  of  the  second  (Lep  ta.i  tey>ias ) expands, 
more  prey  species  and  larger  prey  individuals  arc  included 
in  the  diet,  and  its  effect  on  community  structure  seems 
to  increase  (Menge, 1972a , b) . In  central  California,  Haven 
(1973)  has  indicated  that  two  high  intertidal  limpets 
(A'/raca  spp.)  compete  for  food.  Presumably  tiiese  herbivores 
occupy  the  "top"  trophic  level  since  invertebrate  predators 
at  least  are  largely  absent  from  the  high  intertidal  at  tliic 
area.  These  experiments  indicate  that  competition  between 
these  trophically  high  species  is  a chronic  event  and  that 
removal  of  a competitor  tends  to  result  in  an  expansion  of 
the  remaining  competitor's  niche.  tlowever,  a thorough 
test  of  this  hypothesis  should  also  include  the  experimental 
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addition  of  competitors.  Ideally,  the  fate  of  such  an 
addition  would  reveal  whether  of  not  the  number  of  si^ecies 
in  a cjuild  is  requlated  by  competition,  or  some  other  factor. 
Unfortunately,  such  exporiment.s  are  difficult  to  perform; 
further,  a failure  of  an  introduced  species  to  persist  may 
be  due  to  factors  otiier  tf>an  competition  (Koiin,  1^71;  J. 

Menge  and  B.  Menqe,  l'J74 ) , and  truly  critical  tests  of  this 
hypothesis  may  not  be  possible. 

To  summarize,  the  evidence  available  supports  the 
model.  As  suggested  by  Fig.  la,  the  organization  of  guilds 
occupying  "top"  trophic  positions  in  a coimnunity,  'whether 
they  are  primary  producers,  suspension -feeder s , herbivores, 
or  carnivores,  is  strongly  influenced  by  competition.  The 
organization  of  guilds  occupying  "low"  tropiiic  positions 
[e.g.  the  herbivores  and  suspension  feeders  preyed  upon  by 
and  Lep  tun  tf!  on  the  west  coast  of  North 

America  (Dayton, 1971 ; B.  Menge, 1972b;  Paine, 1974)  or  by  the 
starfish  Stic'naster  in  Australia  ( Paine , 1 971)  1 is  deter- 
mined by  predation.  Further,  as  suggested  by  Fig.  lb, 
overall  community  structure  is  a function  of  competition 
when  communities  are  tropliically  simple  (e.g.  exposed 
communities  on  the  east  coast)  and  of  predation  when  com- 
munities are  trophically  complex  (e.g.  most  west  coast 
communities).  To  illustrate  these  points  more  clearly  and 
to  suggest  extension  of  them  to  other  less  well-known 
systems,  I have  indicated  regions  on  the  model  along  which 
various  systems  may  hypotlietically  occur  (Fig.  lb).  I 
should  emphasize,  liowever,  that  a key  feature  of  the  model 
is  the  trophic  complexity  of  the  community.  Thus, trophi- 
cally simple  tropical  systems  such  as  tlie  "cryptic"  com.- 
raunities  studied  by  Jackson  and  Buss  (1975),  may  -well  occur 
toward  the  left  end  of  Fig.  lb  -wliile  trophically  complex 
polar  systems  like  the  subtidal  sponge-dominated  communities 
in  the  /Antarctic  (Dayton,  . t ul.  , 1974  ) may  occur  toward 
tlie  right  end  of  Fig.  lb. 


PERSISTENCE  AND  ADJUSTMENT  STABILITY  IN  THE  ROCKY  INTERTID7J, 

The  understanding  of  community  stability  in  different 
habitats  has  been  traditionally  hampered  by  (1)  semantic 
confusion  over  the  meanings  of  the  term  "stability",  and 
* (2)  a lack  of  good  quantitative  information  on  the  pheno- 

I menon  itself.  Ecologists  have  recently  begun  to  grapple 

with  both  of  these  problems,  with  the  immediate  result  that 
the  problem  seems  more  confused  than  ever.  Nonetheless, 
some  important  advances  in  our  understanding  of  stability 
have  been  made.  Several  authors  have  suggested  that  com- 
munity stability  be  recognized  to  liave  two  components: 
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persib cence  stability  (=  persistence  = stability)  and  ad- 
justment stability  (=  resiliei.je  = elasticity)  (Holling, 

1973,  Margalef, 1969;  May, 1973).  Persistence  is  generally 
hold  to  bo  tile  degree  to  wiiicti  a system  varies  around  some 
sort  of  mean  value  over  time,  while  adjustment  stability  is 
generally  viewed  to  be  tlie  relative  ability  of  a disturbed 
community  to  return  to  some  pre-disturbance  state  (Margalef, 
1969).  This  usage  is  gaining  increased  popularity  among 
field  workers  (e.g.  Hurd  and  Wolf, 1975;  Peterson, 1975b, • 
Sutherland,  1974 ) and  will  be  followed  liere. 

A major  global  pattern  of  apparent  community  behavior 
which  led  to  the  near-enshrinement  of  the  idea  that  com- 
munity diversity  or  complexity  begets  stability  is  that 
tropical  communities  are  more  stable  (persistent)  than 
temperate  ones  (e.g.  Elton,  1958).  This  idea  has  always  been 
viewed  with  skepticism  by  some  ecologists  and  the  theory 
betiind  it  has  recently  been  examined  in  devastating  detail 
by  May  (1973).  A current  view  of  global  variations  in 
community  betiavior  is  ttiat  tropical  communities  seem  to 
possess  more  persistence  (i.e.  to  cliange  little  in  "appear- 
ance" or  relative  abundance  of  most  species)  but  less  ad- 
justment stability  than  do  temperate  or  polar  communities 
(e.g.  Prank, 1968;  Futuyma , 1973 ; Holling, 1973 ) . To  use 
Lewontin's  (1969)  terminology,  tropical  systems  possess 
more  local  or  neighborhood  stability  but  less  global 
stabilirv  than  do  temperate  or  polar  systems. 

To  test  those  hypotheses,  one  must  (1)  measure  the 
persistence  stability  of  systems  in  localities  differing  in 
stability  of  the  physical  environment, and  (2)  determine  the 
adjustment  stabilities  of  these  systems  by  subjecting  them 
to  perturbation  analysis.  In  some  ways  it  is  amazing  that 
neither  of  tliese  problems  has  attracted  much  attention  un- 
til very  recently  (e.g.  Hurd,  t 7^. , 1971:  Hurd  and  Wolf, 
1975;  Peterson, 1975b;  Sutneriand, 1974 ) . 

Persistence  Stability  in  the  New  England  Pocky  Incortidal 

Jane  Menge  and  I have  been  studying  persistence  and 
adjustment  stability  at  areas  of  different  wave  exposure 
in  the  .New  England  rocky  intertidal  for  up  to  four  years 
at  some  areas.  To  measure  persistence  r.tability,  we  have 
run  transects,  described  more  fully  elsewiiere  (J.  .Menge, 

1975;  B.  Menge, 1976),  at  three  intertidal  levels  (high, 
mid,  and  low  intertidal),  at  several  areas.  These  trans- 
ects yield  estimates  of  percent  cover  of  all  space  occu- 
pying species  and  of  abundances  of  ail  mobile  species.  Prom 
these  data,  relative  abundances,  species  richness,  and 
other  aspects  of  community  structure  can  be  estimated. 

Early  in  our  work  we  subjectively  judged  the  physical 
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environment  at  exposed  headlands  to  be  more  rigorous,  par- 
ticularly with  regard  to  wave  shock,  than  rocky  areas  in 
coves  and  other  leeward  areas.  This  pattern  has  been  quan- 
tified and  confirmed  using  the  loss  rate  of  experimental 
cages  at  all  areas  (B.  Menge,  1976). 

Table  3 sliows  several  preliminary  measures  of  per- 
sistence stability  (average  percent  change/1. loi'.tn  in  percent 
cover,  average  monthly  variance  in  percent  cove>',  average 
variance/mean  percent  cover)  at  an  exposed  area,  a pro- 
tected area  and  an  area  of  intermediate  exposure.  In 
general,  the  exposed  area  has  the  least  persistence 
stability,  though  the  correlation  is  not  perfect.  For 
example,  average  monthly  variance  is  greater  at  the  inter- 
mediate area  than  at  the  exposed  areas  (Table  3).  Furt.her, 
the  intermediate  and  protected  areas  are  very  similar  when 
mean  change  per  month  in  percent  cover  is  compared.  Sub- 
jectively, the  difference  in  persistence  stability  is 
strongly  correlated  to  v/ave  exposure.  That  cor- 

relation IS  not  so  clearly  apparent  in  the  data  is  pro- 
bably due  to  very  severe  storms  preventing  us  from  sampling 
some  areas,  especially  the  exposed  one,  at  strictly  regular 
two-month  intervals.  Of  the  measures  in  Table  3,  probably 
the  best  are  those  based  on  the  variance/mean  ratio  since 
mean  abundance  of  the  most  common  species  can  vary  so  widely 
at  any  particular  time.  Note  particularly  that  the  mean/ 
variance  ratio  of  the  dominant  (in  terms  of  biomass) 
species  is  most  unstable  at  the  exposed  area  [y.^tilun 
Pemaquid  Point,  s^^^x  = j3),  is  intermediate  at  the  inter- 
mediate area  {Fuuus  ves  Loulosis  at  Grindstone  Neck,  s‘^/x  = 
6.6)  and  is  least  unstable  at  t.he  protected  area  {Asco- 
ph'jllurn  nodoi'u'v  at  Canoe  Beach  Cove,  /x  = 3.5).  Since 
these  species  are  among  the  most  visible  features  of  com- 
munity structure,  the  close  correlation  between  their  per- 
sistence stability  and  wave  exposure  probably  accounts  for 
the  strong  subjective  correlation  between  persistence  and 
physical  stability  noted  above. 

In  general  then,  the  most  stable  (persistent)  com- 
munities seem  to  occur  in  the  most  stable  environments. 

Note,  ho'wever,  that  persistence  stability  at  the  population 
level  is  sometime_s  uncorrelated  with  pliysical  stability 
(e.g.  Mjtilu3,s‘^/x,  Table  3;.  This  pattern  has  been  noted 
in  other  systems  (e.g.  Peterson, 1975b)  and  suggests  that 
a clear  understanding  of  basic  global  patterns  of  per- 
sistence stability  awaits  further  study. 

Adjustment  Stability  in  the  New  England  Rocky  Interti-’a! 

Adjustment  stability  in  New  England  rocky  intertidal 
communities  is  being  studied  by  examining  the  rate  of 


Table  3.  Measures  of  persistence  stability  in  Now  England 
rocky  intertidal  communities . 


Measure 


Level  of 
Biologicd 1 
Organization 


Area 

Pemaquid  Grindstone  Canoe 
Point  Neck  Beach 

(exposed) ( i nterme-  Cove 

diate)  (protect- 
ed ) 


Mean  change  per 

Community 

3. 9^1.6 

2.211.0 

2. 3*0. 3 

month  in  moan 

Population 

percent  cover 

Ba lanus 

4.3t2.1 

0.310.1 

1 . 510 . 4 

M y t Hus 

4 . 8tl . 2 

2.610.6 

2.110.6 

f ucoid 

1.010.3 

2.510.6 

2.710.6 

free  space 

5.311.0 

4.511.4 

4.110.9 

Mean  monthly 

Community 

346.1 

415.2 

19  3.3 

variance  (n  = 10 

Population 

quadrats/month) 

Ba Ian  us 

351.9 

1.4 

15.9 

!-1y  tilus 

662.8 

581.9 

185.0 

f ucoid 

6 6.4 

530.2 

294.7 

free  space 

303.1 

547 . 1 

277.7 

Mean  variance/mean  Community 

15.3 

9.9 

8.4 

(s^/x) 

Population 

Balanus 

13.4 

1.0 

3.8 

Mtj  tilus 

13.0 

22.1 

23.8 

f ucoid 

11.5 

6.6 

3.5 

free  space 

23.5 

9.7 

3.6 

return  of  a conmunity  to  the  pre-disturbod  istate.  Tlic  dis- 
turbance consisted  of  removal  of  t,ae  sessile  species  domi- 
natiny  mid  intertidal  s-aLial  structure  at  the  exposed, 
intermediate,  and  protected  areas  ;dominants  ai  e V . ' ‘ Z,<h  , 
a ' h-f!  ii! , and  A.u-oph;,  I l.-,m  nodos  <iri , respectively) 
with  a putty  knife.  The  perturbations  were  performed  in 
March , 1 974 , and  they  and  tlieir  controls  were  subsequently 
monitored  as  often  as  possible.  Abundance  of  all  sessile 
and  mobile  species  was  estimated  from  transects  or  photo- 
yraphs  of  the  treatment  (see  caption  of  Fig.  3 for  details). 
T.hese  perturbations  mimic  the  effects  of  natural  distur- 
bances relatively  closely  in  both  their  timing  (most  physi- 
cal disturbance  is  in  winter  and  early  spring)  and  effect. 

Compared  to  Table  3,  Fig.  3 indicates  that  if  resi- 
lience is  meiisured  by  how  rapidly  the  spatial  dominant  is 
reestablished,  the  least  persistent  community  (exposed)  has 
the  greatest  adjustment  stability  and  the  most  persistent 
community  (protected)  has  the  least  adjustment  stability. 

•■it  the  exposed  area,  removal  of  in  March  is  suc- 

ceeded by  dense  settlement  of  Balanus  in  April  and  May; 

‘nose  barnacles  are  subsequently  settlv.d  upon  by  yrjtiiu^. 
and  outcompeted  by  September-October . Thus,  the  original 
configuration  is  reachieved  within  seven  months  (Fig.  3). 
•However,  this  return  rate  is  dependent  on  the  time  of  dis- 
turbance. Other  experiments  not  presented  here  have  shown 
that  if  the  disturbance  occurs  after  Balinuc  settlement, 
mussels  fail  to  settle  and  the  conmiunity  does  not  rebound 
for  at  least  eight  months  and  probably  will  take  about 
nineteen  months.) 

At  t.he  intermediate  area,  removal  of  Fu.’u.a  Is  fol- 
lowed by  reattainment  of  the  original  configuration  within 
twelve  months.  This  relatively  rapid  return  to  100%  cover 
by  this  large  alga  (up  to  approx i.mate ly  one  ra  long;  is 
achieved  asexually, since  nearly  all  the  Fuaus  in  the  ex- 
periment regrew  (or  perennated)  from  a small  amount  of  hold- 
fast not  originally  removed  from  the  rock  (Fig.  3). 

At  the  protected  area,  removal  of  Ascopkj Hum  is 
followed  by  an  imm.ediate  increase  in  Bal.unus  aliundance  and 
a slow  increase  in  Fuaus  oes  iau’’ osis  abundance.  As  yet, 
(after  fwenty  months),  Ascophulium  has  not  returned  to  its 
former  dominance,  although  newly  settled  individuals  are 
becoming  increasingly  common  (Fig.  3).  In  this  experiment, 
the  appearance  of  Fuaus  depended  on  sexual,  ratlier  than 
ase.xual  processes , since  little  or  no  Fuaus  was  initially 
present . 

These  results  are  substantially  .more  complicated  than 
the  relatively  simple  picture  conveyed  by  Fig.  3.  The  time 
of  year  in  which  the  initial  perturbation  is  made  affects 
the  length  of  time  for  the  system  to  return  to  its  previous 
state  (discussed  above  for  the  exposed  area).  In  addition. 
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Fig.  3.  Preliminary  results  of  perturbation  experiments 
begun  in  1974  showing  the  resilience  of  areas  of  great, 
intermediate,  and  low  exposure  to  wave  shock.  Only  the 
abundances  ( i one  standard  error;  percent  cover  transformed 
by  the  arcsin  transformation)  of  the  most  abundant  structui- 
al  specii's  in  plotted.  Data  at  the  exposed  area  are  taken 
from  controls  (area  of  each  = 100  cm*")  of  experiments  re- 
ported earlier  (B.  Menge  1976).  Identical  results  have  oeen 
obtained  in  larger  (1/2  m2  clearances  in  1975.  The  other 
experiments  have  not  been  reported  before  and  are  means  of 
1/4  m2  subsamples  of  clearances  ranging  in  total  area  from 
one  m2  to  18  m^ . Tlie  time  of  initial  perturbations  are 
marked  by  the  arrows  with  the  change  in  abundances  from  the 
disturbance  shown  by  the  interrupted  lines.  Abundance  of 
Bij.lanur  and  Fui-u;f  in  the  control  at  ttie  least  exposed  area 
was  always  low  (means  below  graph)  and  were  not  plotted  to 
reduce  confusion.  At  the  exposed  area,  y.jtilus  reacliieves 
structural  dominance  within  seven  months.  At  the  inter- 
mediate area  Fufus  vcai^iulos  is  reachieves  structural  domi- 
nance within  one  year.  At  tlie  protected  area,  structural 
dominance  has  not  been  reachieved;  Ar.^jophy  llu":  is  still  very 
scarce  and  canopy  cover  by  Juaus  is  less  than  50%. 


171 


. .'v . 


ottior  ovontt;  liavu  influenced  these  ti.'sults.  A prominent  one 
was  the  failure  of  c.;k  <■:  to  settle  at  the  intermediate 
area  (Grincistone  Neck,  Fiq.  3).  Althouqh  ti>is  may  liave  some 
influence  on  tlie  rate  of  recovery,  the  [jroijable  effect  will 
be  to  increase  rather  than  to  decrease  the  return  of  - 
Jane  Menqe  (1975)  lias  found  ttiat  fucoid  alqae  settlement 
and  survival  are  enlianced  by  a substratum  of  iiaZur..,;  be- 
cause the  microspatial  heterogeneity  of  a dense  patch  of 
barnacles  provides  a refuge  for  these  alqae  from  herbivores 
(periwinkles).  Thus,  F.<  abundance  at  this  area  would  be 
supplemented  by  settlement  and  growth  of  barnacles  coupled 
witfi  a relatively  small  population  of  periwinkles. 

In  contrast,  periwinkles  are  very  dense  at  the  pro- 
tected area  (unpublished  data).  If  herbivores  are  ex- 
cluded, will  occupy  lOOh  of  tlie  canopy  space  within 

six  montiis  (J.  Menge,1975).  Hence  the  rate  of  increase  in 
F\  ‘\ic , and  perhaps  Accopfiul  l i’\  , abundance  at  the  protected 
area  is  undoubtedly  slowed  by  herbivory.  Thus, herbivores 
have  a major  influence  on  apparent  community  resilience. 

At  all  intermediate  and  protected  areas  examined  (B. 
Menge,19J6),  predator  exclusion  usually  results  in  rapid 
monopolization  of  space  by  Mytilus  (e.g.  Fig.  2,  exposed 
results  in  Fig.  3).  Once  Fjiil.its  occupies  most  primary 
space,  survival  of  adult  Fuaus  declines  and  settlement  of 
both  fucoids  rarely  occurs,  since  Mytilus  both  outcompetes 
already  established  Fueus  (at  least)  (J.  Menge, 1975,  B. 

Menge, 1976)  and  probably  also  filters  their  gametes  from  the 
water  column,  preventing  recruitment  (Dayton,  1973  ; J.  Menge, 
1975).  Thus  the  global  stability  characteristics  of  a 
system  can  result  from  a complex  of  biological  and  physical 
factors . 

These  experiments  on  adjustment  stability  tend  to 
support  the  belief  that  communities  in  relatively  benign 
habitats  are  more  persistent,  but  less  resilient  than  are 
communities  in  relatively  rigorous  habitats.  If  this  is 
generally  true,  then  the  next  step  is  to  learn  what  factors 
account  for  such  differences  in  community  dynamics.  The 
above  results,  with  the  following  outlines  of  life  histories 
of  key  component  species , suggest  that  community  stability 
is  a function  of  (1)  the  particular  mix  of  life  history 
strategies  possessed  by  the  structurally  and  functionally 
dominant  species, and  (2)  the  relative  intensity  of  biologi- 
cal interactions,  especially  consumer-prey  interactions. 

Life  Histories,  Biological  Interactions,  and  Community 
Stabi lity 

In  the  New  England  systems  considered  above,  the 
structurally  dominant  species  are  increasingly  longevous. 


Summariziruj  unpublisliod  data  and  observations,  y^/tilur, 

.jnd  a largo  proportion  of  other  species  commonly 
occurring  at  exposed  areas  (o.g.  ephemeral  algae)  are  re- 
latively short-lived  and  evidently  can  mature  within  two 
years  ^uid  perJiaps  as  guickly  as  one  year.  Settlement 
success  of  tliese  species  is  usually  high.  Thus,  exposed, 
dominated  coniiiiunities  are  cliaracter  i zed  by  a high 
degree  of  opportunism. 

At  intermediate  areas,  ■'.i  • i.'  .'ca  j iii  thalli  seem 

to  persist  for  periods  on  tlie  order  of  five  to  ten  years 
'.ic  has  great  perennation  abilities  and  may  actually  be 
near-immortal).  Recruitment  of  fucaa  n .;  "ea  Zoa  i;}  occurs 
continuously  from  spring  through  autumn  (J.  Menge  1975, 
personal  observations).  On  the  average,  this  species  seems 
longer-lived  than 

At  protected  areas,  .b;,' /V,  Z is  apparently  very 
long-lived,  periiaps  up  to  fifteen  years  (Vadas,  personal 
communication,  personal  observations).  Tliis  alga  has  poor 
recruitment  success,  even  when  herbivores  are  excluded. 
Finally,  its  perennation  abilities  appear  far  inferior  to 
tiiose  of  :>eaic:i  Lor^is . Hence  the  relative  degree  of 

opportunism  of  the  structurally  dominant  species  declines 
and  their  longevity  increases  with  a decline  in  environ- 
mental rigor.  Subjectively,  relatively  many  species  charac- 
teristic of  fl 3cop riy  Z Zufr-dorainated  corttmunities  appear  more 
longevous  than  species  in  more  rigorous  New  England  inter- 
tidal communities. 

The  idea  that  life  histories  have  a major  effect  on 
the  apparent  resilience  properties  of  a community  is  sup- 
ported by  current  reinterpretations  of  succession  theory 
(Connell,  1972  ; Drury  and  Nisbet,  197  3 ; Horn,  1974  ; Keever  , 
1950).  These  authors  consider  that  secondary  succession, 
which  might  be  defined  as  the  collection  of  processes  occur- 
ing  when  a community  is  rebounding  or  redeveloping  from  a 
disturbance  ("resilience  processes"),  is  more  influenced  by 
life  histories  of  tt\e  component  species  than  by  habitat 
alteration  and  a rigid,  serial  replacement  of  species. 
Basically  the  successional  sequence  is  viewed  to  be  deter- 
mined by  different  dispersal,  settlement,  growth  and  com- 
petitive abilities  of  the  species  in  the  sequence.  An 
early  species  may  be  early  because  it  is  more  opportunistic 
than  a late  one  and  not  because  a late  one  cannot  tolerate 
the  physical  environment  in  the  initial  stages  of  succes- 
sion. The  actual  replacement  of  a species  by  another  is 
suggested  to  be  regulated  in  part  by  interspecific  com- 
petition. In  addition,  my  experiments  and  those  of  J.  .Menge 
(1975)  suggest  that  consumer-prey  interactions  can  be 
exceedingly  important  in  determining  (1)  the  rate  of  return 

the  state  the  system 
in  the  absence  of 


to  the  predisturbance  state, and  (2) 
returns  to  after  disturbance.  Thus, 
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predators  a totally  different  state  is  reached  (e.g.  Figs. 

2,  3).  The  presence  of  predators  may  also  influerico  the  re- 
cruitment success  of  fucoids  by  preying  on  the  barnacles  and 
changing  the  availability  of  micro-refugia  (J . Menge  197S, 
see  above).  Further,  herbivores  probably  slov/  tiie  return 
to  a pre-disturbance  state  by  preying  on  tlic  young  of  ttie 
structural  dominants  (J.  Menge,  1975;  sec  above).  'I’O  sum- 
tiarize,  decreasing  community  resilience  witli  increasing  en- 
vironmental stability  may  be  a function  of  (1)  life  history 
differences  of  major  component  species,  (2)  competitive 
interactions,  and  (3)  increasingly  intense  effects  of  con- 
sumers on  their  prey.  Hence,  tfie  fragility  of  tliese  systems 
may  well  be  a function  of  their  organizational  complexity 
(e.g.  Horn, 1974,  May, 1973). 


DI-SCUSSION 


One  of  tile  delights  of  nature  is  its  endless  variety; 
an  equally  satisfying  and  delightful  feature  is  the  apparent 
arrangement  of  this  variety  into  clusters  of  recognizable, 
repeated  patterns.  The  task  of  ecologists  and  evolutionists 
is  to  determine  whether  or  not  the  mechanisms  behind  this 
repetition  also  fall  into  recognizable,  repeated  patterns. 

A particularly  critical  problem  is  to  determine  how  widely 
operational  are  organizational  mechanisms  such  as  those  dis- 
cussed in  this  paper.  I feel  the  results  obtained  in  rocky 
intertidal  systems  have  a much  broader  application  than  many 
ecologists  suspect.  This  opinion  is  clearly  and  reassuring- 
ly shared  by  others  (e.g.  Connell,  1 97  5b;  Dayton,  1975;  Hall, 
et  al.,  1970;  Paine,  1974).  Nonetheless  much  more  community- 
oriented,  experimentally-based  field  research  in  a variety 
of  terrestrial  and  aquatic  habitats  in  environments  of 
varying  rigor  is  necessary  to  resolve  the  issue.  A parti- 
cularly relevant,  very  recent  result  is  that  in  certain 
tropical  marine  subtidal  comi-nunities , the  organizational 
effects  of  competition  seem  to  operate  in  a somewhat  dif- 
ferent manner  (Jackson  and  Buss, 1975)  than  in  temperate 
intertidal  systems.  These  workers  suggest  that  the  ob- 
served high  diversity  in  cry-ptic  communities  (which  are 
rarely  affected  by  predation)  is  a result  of  competitive 
"networks"  (A  outcoropetes  B which  outcompetes  C,  but  C 
outcompetes  K)  ratlier  than  the  better  known  competitive 
hierarchies  (A  outcompetes  B and  C,  B outcompetes  C,  C 
outcompetes  no  one)  found  in  intertidal  systems.  In  other 
words,  competitive  exclusions  are  much  less  likely  to  lead 
to  monopolization  by  a single  species  in  these  cryptic 
communities  than  in  intertidal  communities. 

It  thus  appears  that  mucli  understanding  of  broad 
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patterns  of  community  structure  and  behavior  can  be  achieved 
by  an  experimentally  based  understand! nq  of  both  the  short- 
term and  long-term  consequences  of  interactions  between 
species.  Patterns  of  community  structure  (e.g.  species 
diversity,  distributional  patterns,  relative  abundances, 
and  productivity)  and  conununity  behavior  (e.g.  resilience, 
persistence)  are  all  greatly  affected  by  predator-orey  and 
competitive  interactions  acting  within  the  constraints 
applied  by  characteristics  of  the  physical  environment. 
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FOULING  ON  ARTIFICIAL  SUBSTRATES 
AS  A MEANS  OF  INCREASING  THE  PRODUCTIVITY 
OF  NATURAL  MARINE  ECOSYSTEMS 


A.  N.  Golikov  and  O.  A.  Scarlato 
Zooioqicul  Institute,  Academy  of  Sciences  of  the  USSR 
Leningrad,  USSR 

Careful  inquiry  into  the  question  of  artificial  augmen- 
tation of  productivity  in  natural  marine  ecosystems  appears 
to  be  one  of  the  most  vital  theoretical  and  practical  prob- 
lems of  modern  hydrobiolog ical  research.  The  intensifica- 
tion of  the  fishery  of  economically  valuable  species, 
ordinarily  playing  the  loading  role  i,i  ecosystems,  has  re- 
sulted in  a frequently  most  disastrous  and  alarming  decrease 
in  the  number  of  local  populations,  causing  in  turn,  a dis- 
turbance in  the  energetic  balance  within  the  ecosystems  and 
occasionally  even  a complete  extinction  of  useful  species 
under  certain  conditions. 

It  is  manifest  that  scientific  regulation  of  fishery 
and  certain  protective  measures  cannot  alone  satisfy  the 
growing  necessities  of  the  world  population.  Therefore,  an 
organization  of  the  mariculture  of  valuable  species,  helping 
to  increase  the  productivity  of  pragmatically  important  eco- 
systems, seems  to  be  a possible  solution  for  the  problem. 

Numerous  research  works  on  the  primary  production  of 
i the  sea  testify  to  the  fact  that  in  many  regions  of  the 

! World  Ocean,  a quantity  of  organic  substance  is  produced, 

which  is  sufficient  to  guarantee  abundant  development  of 
! heterotrophic  organisms.  The  greater  part  of  organic  sub- 

i stance  is  being  produced  in  the  upper  region  of  the  shelf  at 

i the  depth  of  20-30  meters,  where  approximately  90^  of  the 

; whole  macrobenthic  mass  on  the  shelf  is  being  formed  (Goli- 

kov, Averintzev,  Scar lato, 1 974 ; and  others).  Ecosystems  of 
temperate  waters  play  a most  important  part  in  the  bioener- 
< getic  structure  of  the  World  Ocean.  The  leading  place  in 

the  majority  of  these  ecosystems  is  occupied  by  bioms  of 
macrophytes,  which  through  their  abundance  (100  kg/m^  in 
certain  areas)  and  through  their  rapid  rate  of  production 
can  cover  the  deficiency  in  primary  production  both  in  the  % 

I . low-lying  aphotic  zones  and  in  the  high  arctic  and  antarctic 

I 
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waters.  Also  contributing  to  this  are  the  maximal  profi- 
ciency and  long  duration  of  the  development  of  phytoplankton 
in  the  ncretic  zones  of  temperate  waters.  Macrophytes 
appear  to  be  the  most  important  source  supplying  the  organic 
substance  in  the  sea  (Petersen,  Boysen-Jensen , 1911;  Mann, 
1972;  and  others).  Only  a smail  part  of  the  enormously 
large  biomass,  consisting  of  algae  and  sea  grass,  is  uti- 
lized by  local  phytophages,  while  its  greater  part  becomes 
disintegrated,  dissolved,  transformed  into  suspensions  and 
carried  away  by  seastreams  to  form  trophic  chains  of  organ- 
isms in  remote  regions.  Furthermore,  in  mobile  neretic 
waters  of  temperate  latitudes,  a sufficient  quantity  of 
biogenetic  elements  can,  as  a rule,  be  found.  All  of  these 
factors  favor  a most  luxurious  development  of  plankton  in 
waters  covering  the  shelf  at  the  period  of  vegetation  and 
offer  a wealth  of  food  for  plankton  larvae  of  benthic  ani- 
mals. Accordingly,  on  the  grounds  of  literary  data  and  our 
personal  investigations  (Golikov,  Scarlato,  1969),  it  can  be 
conjectured  that  the  food  factor  does  not  limit  the  number 
of  trade  organisms  at  the  plankton  phase  of  ontogenesis. 

The  spawning  period  of  the  majority  of  trade  species  occurs 
simultaneously  with  the  extensive  development  of  phytoplank- 
ton and  the  appearance  of  a sufficient  amount  of  small 
plankton  animals. 

The  number  of  planktonophagous  predators  in  neretic 
waters  is  small,  compared  to  the  great  number  of  larvae  of 
benthic  animals.  Therefore,  in  many  neretic  regions  the 
presence  of  predators  also  does  not  limit  the  quantity  of 
meroplankton . 

The  lack  of  suitable  substrates  for  the  settling  of 
young  under  other  favorable  conditions  appears  to  be  a more 
important  factor,  actually  limiting  the  quantitative  devel- 
opment of  species  with  a plankton  phase  in  ontogenesis. 
Larvae  of  many  benthic  species,  including  trade  species,  in 
the  early  post-larval  stages  of  ontogenesis,  need  a quite 
definite  substrate  for  their  settling  and  successful  devel- 
opment . 

Thus,  for  example,  larvae  of  food  molluscs  Xjtilue 
lis , Patinopeaten  yessoensis , and  others,  settle  on  the  al- 
gal foliage  and  on  the  leaves  of  the  sea  grass  (a  thread- 
like substrate) , and  oyster  larvae  on  a hard  substrate  of 
light  color,  etc.  Substrates  of  this  type  form  a narrow 
line  along  the  coastal  region  alone.  In  addition,  the  suc- 
cessful progress  of  larval  metamorphosis  may  be  impeded  by 
other  physico-chemical  factors  or  by  inappropriate  biotic 
surroundings,  even  if  there  are  considerable  areas  with 
suitable  substrates.  Due  to  both  of  these  facts,  a large 
mass  of  larvae  may  slow  down  its  metamorpliosis  and  perish, 
even  if  it  has  succeded  under  unfavorable  conditions. 

Under  conditions  favorable  for  the  settling  and 
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development  of  the  young  in  small  districts,  surrounded  by 
large  areas  of  unfavorable  physico-chemical  environment, 
there  can  be  observed  an  augmented  abundance  of  life.  This 
phenomenon,  known  in  science  as  the  "refuge-effect,"  calls 
forth  an  enormous  concentration  of  life  in  the  coral  reefs, 
surrounded  by  vast  areas  of  oligotrophic  tropic  waters  (Goli- 
kov ■ t ; ■ . , 19  7 3). 

The  presence  on  the  shelf  of  adult  individuals  belong- 
ing to  the  same  species  has  proven  to  bo  an  important  factor, 
stimulating  the  settling  of  the  larvae  of  the  species  which 
then  form  aggregations. 

The  positive  chemotaxis  of  larvae  to  substances 
secreted  by  adult  specimens  of  the  same  species  (Allee, 

1931;  and  others)  is  most  important  in  some  cases,  while  in 
other  cases,  the  chromo-orientation  of  larvae  to  the  back- 
ground, coinciding  in  color  with  parental  individuals,  is  of 
greater  inportance  (Thorson,  1964;  and  others). 

The  number  of  young  which  have  started  the  imaginal 
phase  of  life  in  natural  ecosystems  is  considerably  reduced 
by  predators.  Thus,  the  young  of  the  food  - bivalve  mol- 
luscs - which  have  begun  their  bottom  life,  thanks  to  their 
small  size  and  relative  defenselessness,  are  devoured  in 
great  numbers  by  the  benthos-feeding  predators,  particularly 
by  starfish. 

The  "refuge-effect,"  caused  by  arranging  artificial 
substrates  in  districts  with  other  favorable  physico-chemi- 
cal conditions  for  the  settling  and  development  of  the 
young,  together  with  measures  directed  toward  the  protection 
of  the  growing  young  from  predators,  may  create  conditions 
favorable  for  a considerable  increase  in  productivity  of 
marine  fishery  regions.  Thus,  study  of  the  process  of  for- 
mation of  epibioses  on  natural  or  artificial  substrates  has 
essential  pragmatic  significance,  as  well  as  theoretical 
interest  for  knowledge  of  the  regularities  of  biological 
successions . 

To  study  the  above  problem  we  have  undertaken  a series 
of  experiments  in  the  Possjet  Bay,  Sea  of  Japan;  we  arranged 
artificial  substrates  to  learn  both  the  process  of  succes- 
sion development  in  these  waters  and  the  settling  and  growth 
conditions  of  the  young  belonging  to  fishery  species. 

Collectors  - anchored  rafts  with  substitutes  of  natural 
substrates  suspended  from  them  (cotton  and  capron  nets, 
sizal  and  jute  ropes,  bunches  of  birch  bezoms,  shells  of 
Patinoper;  ten  -lessocncir,  and  Crenorni/  tilus  grayanus  strung  on 
a cord)  - were  placed  during  May,  1965,  in  half-protected 
bays  and  in  relatively  open  parts  of  the  Possjet  Bay. 

We  continued  our  obsf  vations  until  the  next  summer; 
they  are  now  being  conducted  by  the  scientific  workers  of 
the  Pacific  Institute  of  Fishery  and  Oceanography  and  of  * 
Institute  of  Marine  Biology  of  the  Academy  of  Sciences  ' 
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the  USSR  in  Vladivostok.  As  we  have  learned  from  our  obser- 
vations, fouling  on  artificial  substrates  began  almost  im- 
mediately when  they  were  placed  underwater.  At  first,  a 
bacterial  pellicle  developed  on  the  substrates,  then  flocks 
of  detritus  began  to  appear.  The  substrates  were  then  popu- 
lated by  numerous  infusoria  and  later  by  populations  of  bot- 
tom Diatomea  of  extraordinary  density.  In  the  beginning  of 
June,  organisms  of  meiofauna  pervaded  the  collectors  and 
algal  growth  appeared.  Of  all  the  organisms  of  meiobenthos, 
Harpacticoida  came  in  greatest  quantity,  so  that  the  number 
of  their  individuals  reached  the  hundreds  of  thousands  per 
1 m^  of  substrate  surface  toward  the  middle  of  June.  The 
organisms  of  meiobenthos  were  followed  by  larvae  of  macro- 
benthic  organisms,  which  began  to  succeed  and  settle  on  ar- 
tificial substrates  in  large  numbers  and,  due  to  their  rapid 
growth,  soon  took  the  leading  place  in  the  growing  bioceno- 
ses by  their  biomass.  A similar  order  of  development  is 
followed  by  fouling  epibioses  on  artificial  substrates  in 
other  regions  of  the  Sea  of  Japan  (Gorin,  1969),  in  the 
Mediterranean  Sea  (Taramelli,  Chimenz,  1966;  Sentz-Braconnot, 
1966;  and  others),  in  the  Black  Sea  (Dolgopolskaya,  Braiko, 
1974;  and  others),  in  the  Baltic  Sea  (Arndt,  et  al.,  1974; 
Scheibel,  1974;  and  others),  in  the  North  Sea  (Persoone, 

1971;  and  others),  and  in  Messina  Bay  (Gorbenko,  1968;  and 
others),  etc.  It  seems  therefore,  reasonable  to  assume  that 
the  substitution  of  large  taxonomic  groups  in  the  process  of 
succession  of  fouling  epibioses  on  substrates  isolated  from 
the  ground  follows  a general  rule  which  is  independent  of 
the  special  peculiarities  of  environment  in  each  region. 

Only  the  dates  and  rate  of  successions  are  noticeably 
different . 

In  the  northern  hemisphere,  the  rate  of  development  of 
fouling  biocenoses  reaches  its  maximum  in  late  spring,  sum- 
mer, and  early  autumn,  and  diminishes  abruptly  in  winter. 

In  latitudes  further  north  and  with  lower  salinity,  the 
process  of  succession  is  slower  and  less  variegated  than  in 
southern  regions  (Meadows,  1969;  and  others). 

In  most  cases,  after  a short  period  of  succession, 
large  macrobenthic  organisms  approach  the  substrates,  de- 
pending upon  the  water  (mostly  sestonophages  and  filtrators, 
more  seldom  - algae) . 

The  systematic  affinity  of  the  dominant  species  is 
determined  by  organisms  which  play  the  leading  role  in  the 
aquatorium.  In  most  regions,  the  dominant  role  in  the 
fouling  biocenoses  is  taken  either  by  Spongia  (Taramelli, 
Chimenz,  1966;  and  others)  or  by  Cirripedia  (Turpaeva , 1967; 
Bagirov,  1968;  Long,  1972;  Gorin,  Murachvery,  1973;  and 
others),  Hydrozoa  (Kuznetzova, 1967;  and  others).  Algae  (Za- 
vodnik,  Igifc,  1968;  and  others)  or  Bivalvia  (Kuznetzova,  Ze- 
vina,  1967)  which  have  won  the  competition  among  different 
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life  forms  for  their  place  on  the  substrate. 

In  our  experiments,  species  of  Gastropoda  maintained 
their  predominance  on  collectors  of  different  types.  They 
seized  this  position  soon  after  the  meiofauna  had  developed 
and  kept  it  until  the  end  of  June;  then  in  the  first  half  of 
July,  the  gastropods  were  followed  by  species  of  Bivalvia, 
which  played  the  leading  role  in  the  fouling  biocenoses  from 
that  time  until  the  end  of  the  experiment.  This  position  of 
dominant  species  in  our  experiments  corresponds  to  the 
climacteric  state  of  a series  of  epibioses  on  natural  sub- 
strates in  the  Possjet  Bay, 

A successive  change  of  the  dominant  position  in  growing 
epibioses  of  different  large  philogenetic  groups,  determined 
by  the  season  of  the  year  or  by  the  phase  in  the  development 
of  fouling  epibioses,  was  observed  by  other  authors  as  well 
(Kuznetzova,  1967  ; Gorin,  Murachver^' , 197  3 ; Chimenz,  et  al . , 
1974;  and  others).  It  is  typical  that  in  our  experiments 
the  larvae  of  Gastropoda  had  the  quantitative  predominance 
in  the  plankton  at  first,  but  were  then  succeeded  by 
Bivalvia . 

Considering  that  the  period  (temperature)  of  spawning 
of  each  biogeographic  group  of  species  is  determined,  the 
change  in  the  predominance  of  large  taxonomic  groups  both  in 
the  plankton  and  in  the  process  of  succession  of  fouling 
epibioses  may  be  caused  either  by  a stronger  development  of 
a certain  definite  biogeographic  group  of  species  in  each  of 
the  taxons,  or  by  a different  time  of  larval  development  in 
the  plankton,  determined  by  their  morphological  peculiari- 
ties, or  by  both  of  these  factors. 

In  the  Possjet  Bay,  we  observed  that  the  spawning  of 
species  of  different  biogeographic  and  philogenetic  groups 
took  place  in  the  following  order.  In  the  last  ten  days  of 
May,  when  the  water  temperature  reached  +10-+12°C, there  be- 
gan a massive  ;pawning  of  many  low  boreal  species,  including 
such  trade  species  of  Bivalvia  as  Patinopeaten  yessoensis , 
Cr'enomytilus  grayanus , Modiolus  diffioilis,  Spisula  saahali- 
nensis , and  others.  By  that  time,  larvae  of  a less  warm 
water  species  of  Gastropoda,  E^heria  turrita , dominated  in 
the  meroplankton . Larvae  of  Mytilus  edulis , which  later 
became  most  abundant,  were  also  found  in  the  plankton.  In 
the  second  half  of  June,  larvae  of  the  above-cited  low 
boreal  species  of  Bivalvia  began  to  dominate  in  the  mero- 
plankton. At  the  end  of  June  and  beginning  of  July,  when 
the  water  temperature  reached  +18-+19°C , species  subtropic  by 
origin  began  spawning,  including  such  food  organisms  as  the 
trepang,  Stichopus  Japonious,  and  the  oyster,  Crassostvea 
ginas.  At  the  end  of  July  and  in  August,  larvae  of  these 
species  began  to  dominate  in  the  meroplankton. 

The  change  in  the  number  of  species  with  succession  in 
the  fouling  biocenoses  has  a regular,  undulating,  wave-like 


character . 

In  protected  and  open  bays,  the  succession  of  changes 
in  the  number  of  species  proves  to  be  comparable;  but  in 
the  former,  which  are  well-warmed  in  summer,  these  changes 
proceed  at  a greater  rate  and  are  more  marked  (Fig.  I A,B). 
The  variability  of  the  number  of  species  on  different  sub- 
strates is  also  of  a wider  range  in  protected  bays  than  in 
open  bays.  The  greater  number  of  species,  both  in  protected 
bays  (10  species  per  1 m^  of  substrate  surface)  and  in  open 
bays  (17  species  per  1 m^  of  substrate  surface) , settles  on 
the  cotton  nets.  In  June,  the  number  of  species  increases 
due  at  first  to  the  growth  of  meiofauna,  and  then  due  to  the 
appearance  of  the  young  Polychaeta,  Amphipoda  and  such  low 
boreal  species  of  Gastropoda  as  Epheria  turr-ica,  Homalopoma 
san.jarcnse , Alaba  vladivostokensis , Setia  ornata , and  others. 
By  the  beginning  of  July,  in  protected  bays  (and  after  a 
week,  also  in  open  bays)  the  number  of  species  on  collectors 
is  being  reduced  due  to  elimination  and  migration;  in  the 
second  half  of  July,  however,  the  diversity  of  species  again 
increases  due  to  the  settling  on  the  collectors  of  larvae  of 
a series  of  Bivalvia,  Hydrozoa  and  Bryozoa  from  the  order  of 
Cheilostomata . At  that  period  of  time,  at  first  in  pro- 
tected bays  and  then  approximately  two  weeks  later  in  less 
protected  open  bays,  side  by  side  with  larvae  of  Mytilus 
edulis  and  Musculista  senhousia , which  were  still  settling, 
larvae  of  Patinopecten  yessoeyisis  settled  on  the  thread-like 
substrates  (nets,  ropes).  At  the  beginning  of  August,  lar- 
vae of  Cvassostrea  gigas  settled  on  the  vacant  shells  of  the 
light-colored  background.  The  next  stage  in  the  marked  de- 
crease in  the  number  of  species  of  successors  occurred  by 
the  end  of  August  due  partly  to  a rapid  growth  of  the  young 
of  large  bivalve  molluscs  and  to  the  reduction  of  free  areas 
in  the  collectors. 

In  September,  as  a result  of  both  the  autumnal  peak  in 
the  spawning  of  a series  of  species  and  the  settling  on  the 
collectors  by  the  young  of  such  warm  water  species  as 
Chlamys  favvevi  nipponensis , and  due  to  the  fact  that  the 
surface  of  the  shells  of  adult  Bivalvia  had  been  used  as 
secondary  substrates,  there  occurred  another  fresh  increase 
in  the  number  of  species.  A rapid  temperature  drop  in  au- 
tumn caused  a fresh  reduction  in  the  number  of  species  on 
artificial  substrates. 

As  is  obvious  from  the  above  data,  no  stabilization  in 
the  number  of  species  within  the  restricted  area  of  the  col- 
lectors is  observed  while  succession  is  in  progress,  which 
could  have  been  expected  from  the  MacArthur-Wilson  model  of 
the  population  of  small  isolated  islands.  From  our  point  of 
view,  the  lack  of  stabilization  results  from  the  extensive 
variability  in  environmental  conditions  in  the  upper  layer 
of  temperate  waters,  and  from  the  increase  of  inter-specific 
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Fig.  1.  The  change  in  the  number  of  species  on  artificial 
substrates  according  to  the  time  of  their  exposition.  A - 
in  protected  bays,  B - in  open  bays.  The  ordinate  shows  the 
average  number  of  species  on  1 m2  of  artificial  substrate, 
and  the  abscissa  shows  the  time  of  exposition  of  the  sub- 
strates (months) . The  vertical  lines  show  the  variability 
in  the  number  of  species  on  different  types  of  substrates. 


Fig.  2.  The  change  in  density  of  populations  of  organisms 
on  artificial  substrates  according  to  the  time  of  their  ex- 
position. A - in  protected  bays,  B - in  open  bays.  The 
ordinate  shows  the  average  density  of  populations  of  organ- 
isms (N)  per  1 m2  of  substrate  surface  (logarithmic  scale) , 
and  the  abscissa  shows  the  time  of  exposition  of  the  sub- 
strates (months) . The  vertical  lines  show  the  variability 
in  the  number  of  individuals  on  different  types  of  sub- 
strates . 
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competition  for  habitation  areas  on  the  restricted  area  of 
the  collectors.  The  lack  of  stabilization  in  the  number  of 
species  on  artificial  substrates  in  marine  waters  (Schoener, 
1974a, b;  and  others)  and  fresh  waters  (Dickson,  Carins, 

1972;  and  others)  may  also  be  observed  in  other  water  bodies. 
It  is  interesting  to  note  that  the  maximal  number  of  species 
per  1 m^  of  the  surface  of  artificial  substrates  in  Massa- 
chusetts Bay  (Driscoll,  1968  - 16  species)  and  in  the 
Possjet  Bay  (20  species)  is  nearly  the  same. 

The  order  of  changes  in  the  density  of  populations  of 
organisms  is  comparable  to  the  variability  in  the  number  of 
species  on  artificial  substrates  (Fig.  2 A,B).  The  greatest 
variability  in  the  number  of  individuals  on  different  types 
of  substrates  (as  well  as  the  greatest  number  of  species) 
can  be  observed  at  periods  when  the  general  number  of  organ- 
isms is  being  increased.  The  maximal  density  of  populations 
(exceeding  200  thousand  specimens  per  1 m^  of  substrate  sur- 
face) was  observed  on  the  surface  of  vacant  shells  of  Patin- 
opeaten  yessoensis  and  Crenomytilus  grayanus  at  the  begin- 
ning of  July  and  August.  The  number  of  organisms  in  the 
first  stages  of  succession  of  the  fouling  biocenoses  (not 
taking  into  account  a large  number  of  bacteria,  infusoria 
and  diatomes)  increased  in  the  first  half  of  June  due  to  the 
multiplication  of  meiofauna,  predominantly  Harpacticoida . 

Then,  in  the  second  half  of  June,  the  young  of  Gastro- 
poda began  to  play  an  important  part  in  the  growth  of  the 
general  number  of  individuals  in  the  fouling  biocenoses 
(predominantly  Ephevia  turrita) . 

The  growth  in  the  general  number  of  fouling  biocenoses 
in  the  second  half  of  July  and  in  the  beginning  of  August 
resulted  chiefly  from  a massive  settling  on  the  collectors 
of  the  young  of  Bivalvia  (Mytiluts  edulis , P.usoulista  sen- 
housia,  and  others).  The  density  of  populations  of  the 
young  of  the  food  species  Patinopeoten  yessoensis  on  artifi- 
cial substrates  at  this  time  was  1,000-2,000  individuals  per 
1 m^  of  substrate,  while  in  natural  ecosystems  on  filiage 
layers  of  Sargassum  pallidum  and  S.  niyabei  and  on  the 
leaves  of  Zostera  marina,  the  population  density  of  this 
species  amounted  to  7-15  specimens  per  1 m^  (Golikov,  Scar- 
lato,  1970) . 

After  intensive  elimination  of  specimens  at  the  end  of 
summer,  caused  both  by  the  fact  that  a series  of  species 
abandoned  the  fouling  biocenoses  (including  the  young  of 
Patinopeoten  yessoensis , which  have  begun  their  bottom  mode 
of  life)  and  by  the  fact  that  the  number  of  other  species 
has  decreased,  the  density  of  populations  on  the  collectors 
is  once  more  greatly  increased.  This  increase  in  number  is 
caused  by  the  settling  of  the  young  of  these  species,  which 
are  spawning  at  the  end  of  summer  and  in  autumn,  and  by  the 
forthcoming  of  additional  ecological  niches,  due  to  the 
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rapid  growth  of  background-forming  species  of  bivalve  mol- 
luscs, which  began  to  play  the  part  of  fouling  biocenoses. 

The  specific  diversity  in  fouling  biocenoses,  calcu- 
lated as  the  ratio  of  the  number  of  species  (D)  per  density 

of  populations  (N)  per  1 m^  of  the  surface  of  the  collectors,  ? 

corresponds  to  the  3 phases  of  succession  of  these  bioceno- 
ses, reflecting  the  change  in  the  specific  number  and  gener-  ■ 

al  number  of  individuals  with  the  growing  succession  (Fig. 

3 A,B).  Due  to  the  fact  that  the  index  of  specific  diversi-  i 

ty  is  inversely  proportional  to  the  density  of  specific 
populations,  (whether  calculated  by  the  Shannon-Weiner  meth- 
od or  by  a simpler  method,  such  as  the  ratio  of  the  number 

of  species  per  number  of  individuals;  the  ratio  D/N  has  the  3 

same  biological  value  and  reflects  the  same  successive 
changes  as  the  informational  index  of  Shannon-Weiner) , the 
maximal  specific  diversity  can  be  observed  during  periods 

when  the  general  number  of  organisms  is  being  reduced  in  the  . 

collectors. 

It  is  assumed  that  the  increase  in  specific  diversity 
testifies  to  a certain  complication  in  the  system,  the  fact 

that  the  system  has  achieved  a relative  stability.  Indeed,  ^ 

the  maximal  specific  diversity,  observed  in  the  first  half 
of  June,  corresponded  to  the  greatest  development  of  biocen- 
oses, where  the  gastropods  prevailed  (predominantly  Epheria  i 

tur>r‘ita)  . ' 

The  collapse  and  destruction  of  these  biocenoses,  ! 

caused  by  the  fact  that  the  leading  role  in  the  biomass  of 

the  fouling  biocenoses  was  seized  by  Bivalvia,  resulted  in  j 

the  reduction  of  specific  diversity.  The  development  of 
biocenoses  with  Patinope.-  ten  yessoensis  dominant  in  some 

regions  and  Musculicta  aenhousia  in  others,  stimulated  the  * 

growth  of  specific  diversity,  which  was  then  followed  by  a 
reduction  in  the  general  density  of  populations  and  a de- 
crease in  biomass  of  the  biocenoses  (Fig.  4 A,B).  The  dis- 
turbance of  stability  in  these  biocenoses  at  the  end  of  July 
and  beginning  of  August,  caused  by  the  settling  on  the  col- 
lectors of  species  subtropic  in  origin,  resulted  in  a fresh  I 

reduction  in  specific  diversity,  while  the  general  biomass 
and  number  of  individuals  in  biocenoses  were  being  augmented. 

Toward  the  end  of  August,  the  process  of  succession  of 
the  young  to  the  collectors  was  being  halted;  the  general 
number  of  individuals  and  the  biomass  of  fouling  biocenoses 
was  reduced  by  migration  (for  example,  migration  of  the 
young  of  Patinopeeten  yeasoensis)  and  elimination  of  indi- 
v'iduaLs  of  a series  of  species;  and  there  seemed  to  occur  a 
temporary  stabilization  of  the  structure  of  fouling  bioceno- 
ses with  the  predominance  (by  biomass)  of  Crasscstrea  gigas 
in  some  districts  and  Mytilur,  edulit' , Algae,  Hydrozoa  or 
Bryozoa  in  others. 

The  autumnal  peak  of  spawning  of  a series  of 
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Fig.  3,  The  change  in  specific  diversity  of  fouling 
biocenoses.  The  ordinate  shows  the  ratio  of  the  number  of 
species  per  number  of  individuals  (D/N)  per  1 m2  of  sub- 
strate surface  (logarithmic  scale),  and  the  abscissa  shows 
the  time  of  the  exposition  of  substrates  (months) . The 
vertical  lines  show  the  variability  in  the  specific  diver- 
sity on  different  types  of  substrates. 
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Fig.  4.  The  change  in  biomass  of  biocenoses  on  artificial 
substrates  according  to  the  time  of  their  exposition.  The 
ordinate  shows  the  average  biomass  of  biocenoses  (B)  per  1 
m2  of  substrate  surface  (logarithmic  scale) , and  the 
abscissa  shows  the  time  of  exposition  of  substrates  (months). 
The  vertical  lines  show  the  variability  in  biomass  on  dif- 
ferent types  of  substrates. 


predominantly  widely  distributed  boreal  species  and  the  suc- 
cession of  their  young  on  the  collectors,  as  well  as  a rapid 
growth  of  the  young  of  food  bivalve  molluscs,  caused  a new 
increase  in  the  number  of  individuals  and  in  the  biomass  of 
biocenoses  and  a decrease  of  their  specific  diversity  to  an 
experimentally  minimum  value.  A drop  in  water  temperature 
in  autumn  (which  came  more  suddenly  in  protected  shallow 
bays  than  in  deep  open  bays)  caused  the  cessation  of  set- 
tling of  young  on  the  collectors,  an  abrupt  retardation  of 
biological  processes  and  the  stabilization  of  specific 
diversity  at  a new  reduced  level. 

The  index  of  specific  diversity,  estimated  by  the 
Shannon-Wiener  method,  ranged  from  0.5  to  2.1  inform.ation 
beats  on  the  collectors,  which  is  evidence  of  important 
changes  in  the  number  of  species  and  the  density  of  popula- 
tions of  organisms  in  fouling  biocenoses  during  succession. 

The  rapid  growth  of  biomass  in  fouling  biocenoses  dur- 
ing the  last  stages  of  succession  is  very  extensive  (Fig.  4 
A,B).  It  is  chiefly  due  to  a swift  linear  and  weight  growth 
of  food  species  of  Bivalvia,  whose  individuals  grow  to  an 
exceedingly  large  size.  Thus,  the  shell  height  of  young 
Patinovea  ten  yessoensit;  increased  in  3 months  so  that  it 
became  20-30  mm  long;  the  young  of  Mytilus  edulis  in  3-4 
months  toward  the  cold  period  grew  a shell  of  similar 
height,  while  the  shell  of  the  young  of  Crassostrea  gigas 
grew  to  60  mm  in  height  in  less  than  3 months  on  the  collec- 
tors; and  in  6 months  on  the  collectors  there  were  individ- 
uals of  the  latter  species  with  a shell  of  70-100  mm  in 
height  and  with  a well-developed  and  mature  looking  m.uscle. 
The  biomass  of  Mytilus  eduLis  on  the  suspended  bunch  of 
besoms  in  open  bays,  more  suitable  for  the  rearing  of  this 
species,  was  more  than  42  kg  per  1 m^  of  the  surface  of  the 
fascine,  while  the  young  of  Crassostrea  gigas  in  protected 
bays,  more  favorable  for  the  habitation  of  these  species, 
developed  on  suspended  vacant  shells  of  Pat inopecten 
yeasoensis  a biomass  of  more  than  17  kg  per  1 m^  of  the  sur- 
face of  the  shells. 

On  the  ground  under  natural  conditions,  the  biomass  of 
the  young  of  Mytilus  edulis  did  not  exceed  270  g/m^,  while 
the  biomass  of  the  young  of  Crassostrea  gigas  was  850  g/m^ . 
Literary  data  also  offer  evidence  of  the  fact  that  the  bio- 
mass of  sessile  organisms  in  epibioses  on  suspended  sub- 
strates grows  very  rapidly  and  becomes  extremely  large  (Gul- 
liksen,  1971;  and  others). 

On  substrates  in  the  water  layer  in  other  parts  of  the 


Sea  of  Japan, 
kg/m2  (Gorin, 
White  Sea,  it 


the  biomass  of  Mytilus  edulis  amounts  to  41.5 


Boykova,  19  75)  , 
reaches  25  kg/m 


while  in  the  Barents  and  the 
2 (Kuznetzova,  Zevina , 1967) . 


Near  the  Kuril  Islands,  on  substrates  suspended 
biomasses  amounting  to  22  kg/m^  (Rudjakova, 1967) 
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while  in  the  Caspian  Sea  the  biomass  of  fouling  of  Balanus 
improvisus  and  Mytilanter  lineatus  on  artificial  substrates 
is  18  kg/m^  (Bagirov,  1D68)  . 

Our  data,  given  above,  show  that  the  development  of 
life  on  artificial  substrates  has  a phase-like  character. 

The  change  of  biocenoses  occurs  regularly  with  the 
growth  of  successions  of  the  substrates;  species  of  smaller 
size  yield  the  leading  role  in  biocenoses  to  organisms  of 
greater  size.  During  the  final  stages  of  succession  in 
regions  inhabited  by  epibionthic  food  species  that  have  a 
plankton  stage  in  ontogenesis,  these  species  seize  the  lead- 
ing role  in  fouling  biocenoses.  Excessively  large  biomasses, 
created,  for  example,  by  food  species  of  bivalve  molluscs  on 
artificial  substrates,  and  the  ease  of  their  rearing  are 
factors  which  give  full  reason  to  suppose  that  the  introduc- 
tion of  artificial  substrates  in  neretic  waters  is  one  of 
the  simplest  ways  to  increase  the  useful  productivity  of 
coastal  marine  ecosystems. 
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RELATIONSHir  BETVm'HEN  LOCAL  SPECIES  DIVERSITY  AND  ABUNDANCE 
OF  HERBIVORES  IN  THE  NEW  ENGLAND  ROCKY  INTERTIDAL  COMMUNITY 

Jane  LuhcheiT  >^  Mengt* 

Biological  Eaborator ios 
Harvard  University 
Cambridge,  Massachusetts  02138 

The  most  abundant  herbivore  in  the  mid  and  low  littoral 
zones  and  in  tide  pools  throughout  most  of  the  intertidal 
region  of  New  England  rocky  shores  is  the  periwinkle  snail 
Littoi‘ina  ''’topea.  I have  experimentally  examined  the 
effect  this  grazer  has  on  algal  abundance  and  diversity  in 
tide  pools  and  on  emergent  substrata  (i.e.,  rock  exposed 
during  low  tide)  and  correlated  these  results  with  the  her- 
bivore's food  preferences  as  determined  in  laboratory  pre- 
ference experiments.  Field  experiments  demonstrate  that 
this  herbivore  controls  the  abundance  and  type  of  algae  in 
high  intertidal  tide  pools.  In  these  pools,  the  highest 
species  diversity  of  algae  (both  H'  and  number  of  species) 
occurs  at  intermediate  LiLtovina  densities.  This  ditonic 
relationship  between  algal  species  diversity  and  herbivore 
density  occurs  because  the  snail's  preferred  food  - 

’•:oppha)  is  competitively  dominant  to  other  algae  in  tide 
pool  habitats.  Moderate  grazing  allows  inferior  algal 
species  to  persist  while  intense  grazing  eliminates  most 
individuals  and  species. 

On  emergent  substrata  (in  both  the  mid  (fucoid)  and  the 
low  (Chondvuti  = Irish  moss)  zones)  the  herbivore's  prefer- 
ences remain  unchanged,  but  the  competitive  relationships 
of  the  plants  are  different,  presumably  because  of  the  dif- 
ferent physical  environment.  On  emergent  substrata,  the 
preferred  plant  species  are  competitively  inferior,  thus 
Lit  toriyia  ' 3 grazing  decreases  algal  diversity.  On  emer- 
gent substrata  there  is  a negative  linear  correlati  .,,1 
between  algal  species  diversity  (H'  or  numbers  of  species) 
and  I-ittorina  density. 

Thus,  this  consumer  has  markedly  different  effects  on 
algal  diversity  in  tide  pools  versus  on  emergent  substrata 
primarily  because  the  relationship  between  the  consumer's 
preferences  and  the  competitive  relationships  of  the  plants 
are  different  in  the  two  habitats.  These  results  may  typi- 
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fy  the  effects  of  many  generalized  consumers:  when  the  com 
petitively  dominant  species  is  preferred  by  the  consumer 
there  is  a ditonic  relationship  between  prey  diversity  and 
consumer  density;  when  the  competitively  inferior  species 
are  preferred,  there  is  an  inverse  correlation  between  prey 
diversity  and  consumer  density. 
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HABITAT  STRUCTURE,  ABUNDANCE  AND  INTERACTIONS 

OF  pri:datory  coral  ri:ef  gastropods 


Alan  J.  Kohn 
Department  of  Zoology 
University  of  Washington 
Seattle,  Washington  98195 

The  ultimate  goal  of  this  research  program  is  to  under- 
stand the  evolutionary  processes  that  have  resulted  in  the 
very  high  biotic  diversity  of  tropical  coral  reefs  in  con- 
trast to  other  marine  environments.  Genera  and  families 
with  many  co-occurring  species  contribute  importantly  to 
this  high  diversity.  The  proximate  goals  of  the  research 
are  to  understand  (1)  how  species  with  similar  environmental 
requirements  use  resources  in  stable,  many-species  assem- 
blages, and  (2)  what  environmental  factors  most  strongly 
influence  species  diversity  and  abundance. 

This  presentation  will  briefly  review  the  first  pro- 
blem and  concentrate  on  the  second,  with  emphasis  on  the 
large  and  conspicuous  model  genus  Conur>.  To  determine 
how  similarly  co-occurring  congeneric  species  use  resources, 
ecological  characteristics  of  all  species  are  compared  in 
all  possible  pair  combinations.  In  general,  (1)  many 
species  pairs  do  not  overlap  at  all  in  either  food  or 
microhabitat  utilization;  (2)  diets  are  rarely  as  similar 
as  microhabitats;  (3)  species  utilizing  similar  microhabi- 
tats have  low  or  no  food  overlap;  (4)  species  with  sim.ilar 
diets  have  low  microhabitat  overlap  values  (C>.  = 0.2); 

(5)  there  are  some  exceptions  to  the  above;  (6)  at  least 
some  of  these  differences  also  characterize  predatory 
gastropods  similar  to  Conus  in  size  and  population  density 
but  belonging  to  the  families  Muricidae  and  Mitridae. 

The  question,  what  specific  attributes  of  habitats  de- 
termine species  diversity  and  population  density,  has 
been  posed  in  two  distinct  reef  habitat  types.  In  inter- 
tidal benches  with  very  low  topographic  habitat  comple.xity, 
the  presence  of  refuges  from  harsh  physical  conditions,  and 
perhaps  from  predation,  strongly  influences  population  den- 
sity and  species  richness  of  both  Conus  and  other  predatory 
gastropods.  This  has  been  demonstrated  both  by  correlation 
analysis  and  by  experimentally  increasing  habitat  complexity 
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by  adding  suitable  artificial  refuges. 

Subtidal  reef  platforms  are  environments  which  are 
topographically  more  complex,  physically  more  benign,  and 
patchier  than  intertidal  benches.  Because  many  patches  are 
microhabitats  unsuitable  for  predatory  gastropods,  popula- 
tions are  much  less  dense,  but  species  diversity  is  higher. 
Preliminary  analyses  indicate  that  Conuts  population  density 
and  species  richness  are  directly  related  to  the  proportion 
of  substratum  consisting  of  algal  turf  binding  a thin  layer 
of  sand,  and  inversely  related  to  proportion  of  living 
coral  cover.  Microhabitat  selection  probably  depends  both 
on  food  availability  and  avoidance  of  unsuitable  substratum. 

The  biogenic  habitat  structure  of  coral  reefs  thus 
profoundly  affects  the  food  subwebs  in  which  gastropods 
are  primary  carnivores . 


MORPHOMETRIC  AND  ECOLOGICAL  DIFFERENCES  BETWEEN 
GEOGRAPHICALLY  SEPARATED  POPULATIONS  OF  THE  GASTROPOD 

CONUS  MILIARIS 

Alan  J.  Kohn 
Department  of  Zoology 
University  of  Washington 
Seattle,  Washington  98195 

Throughout  most  of  the  tropical  Indo-West  Pacific 
region  the  small  predatory  gastropod  Conus  milianic  occurs 
commonly  in  intertidal  and  shallow  subtidal  coral  reef 
habitats,  which  it  typically  shares  with  4-20  congeneric 
species.  However  at  Easter  Island,  the  most  isolated  island 
in  the  Pacific  Ocean,  only  C.  miliaria  and  a recently  dis- 
covered and  evidently  rare  species  represent  the  genus. 
Discovery  of  a habitat  supporting  only  one  of  a group  of 
similar  species  that  typically  co-occur  throughout  their 
geographic  range  provides  the  opportunity  to  seek  answers 
to  several  questions  of  broad  evolutionary  and  ecological 
interest; 

1)  How  does  the  isolated  population  differ  morpholo- 
gically from  more  central  populations  of  the  same  species, 
and  do  such  differences  suggest  the  geographic  origin  of 
the  isolate? 

Development  of  a morphometric  model  of  the  Conus  shell 
has  permitted  objective  analysis  of  taxonomically  important 
characters.  Shells  of  Easter  Island  C.  miliaris  differ 
significantly  from  those  from  two  eastern  Polynesia  loca- 
tions with  respect  to  7 of  9 characters;  the  two  Polynesia 
samples  do  not  differ  significantly  from  each  other  with 
respect  to  any.  Analysis  of  shell  color  by  reflectance 
spectrophotometry  also  distinguishes  Easter  Island  C.  mil- 
iaria from  those  from  more  central  Indo-West  Pacific 
localities.  Morphometric  analyses  of  radula  teeth  revealed 
no  significant  differences  in  tooth  proportions  between 
Easter  Island  samples  and  those  from  several  central  local- 
ities, but  Easter  Island  specimens  have  significantly  small- 
er teeth  in  proportion  to  shell  length  than  any  of  the  other 
populations  sampled. 


201 


s 


2)  Has  directional  selection  acting  on  a small  founding 
population  resulted  in  ecological  displacement  in  response 
to  environmental  challenges  different  from  those  in  the 
habitat  of  the  source  population? 

At  Easter  Island  as  elsewhere,  rriilLarLis  feeds  ex- 
clusively on  polychaete  annelids.  However,  7 species  of 
polychaetes  oaten  rarely  or  not  at  all  by  C.  miliaris  else- 
where comprise  79%  of  its  diet  at  Easter  Island.  This 
supports  the  hypothesis  that  C.  has  been 

ecologically  displaced  in  response  to  different  available 
resources  at  Easter  Island. 

3)  Has  the  isolated  population  expanded  its  ecological 
characteristics  in  the  absence  of  congeneric  potential 
competitors? 

The  depth  range  of  C.  miliaris  at  Easter  Island  is 
greater,  and  its  diet  more  diverse,  than  in  more  central 
localities  where  it  occurs  with  several  to  many  congeners, 
providing  evidence  for  ecological  release. 

4)  Is  any  such  expansion  directed  toward  resources 
that  the  absent  congeners  would  be  expected  to  utilize? 

Several  polychaete  species  preyed  on  by  C.  miliaris 
at  Easter  Island  but  not  elsewhere  are  important  components 
of  the  diets  of  other  Conus  species  in  the  central  Indo- 
West  Pacific  region.  This  indicates  that  some  of  the 
ecological  expansion  of  C.  miliaris  at  Easter  Island  is 
directed  toward  resources  that  absent  congeners  would  be 
expected  to  utilize  were  they  present,  or  if  they  should 
colonize  the  island  in  the  future. 
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THE  APPLICATION  OF  AN  EPIUENTHIC  COMMUNITY  MODEL 


Ronald  H.  Karl  non 
Di.ike  University  Marine  Laboratory 
Beaufort,  North  Carolina  28516 

The  epibenthic,  fouiiny  community  at  Beaufort,  North 
Carolina,  has  been  under  study  since  the  fall  of  1970  to 
the  present  time.  In  conjunction  with  two  field  studies, 
one  using  settling  plates  and  the  other  using  pilings  as 
artificial  substrates,  a community  model  was  developed  to 
include  certain  phenomena  which  are  unique  to  epibenthic 
communities  of  sessile  organisms.  These  are  stochastic 
recruitment  processes  which  result  in  nonuni  form  spatial 
patterns  in  species  abundance.  The  probabilistic  nature  of 
settlement  site  selection  within  physically  homogeneous 
habitats  is  most  important  for  those  species  with  low  re- 
cruitment rates  where  only  a few  larvae  will  successfully 
settle.  Settlement  in  these  cases  is  highly  conditional 
upon  the  availability  of  the  appropriate  substrate  in 
sufficient  quantities.  The  actual  position  of  the  settle- 
ment site,  relative  to  the  position  of  the  other  species 
in  the  community,  provides  another  stochastic  feature  which 
can  influence  community  structure.  The  spatial  separation 
of  potential  substrate  competitors  can  result  in  time  de- 
lays in  the  expression  of  competitive  dominance  as  well  as 
complete  isolation  of  these  competitors. 

During  execution  of  the  epibenthic  community  model, 
stochastic  recruitment,  by  nine  species  selected  from  the 
Beaufort  fouling  community,  was  simulated  using  relative 
recruitment  rates  obtained  from  field  data.  Settlement 
sites  within  a one-dimensional,  spatial  array  were  randomly 
determined.  The  recruitment  and  growt.h  rates  were  both 
scaled  in  time  and  space.  Growth  along  the  spatial  array, 
away  from  the  settlement  sites,  resulted  in  competitive 
encounters.  Field  overgrowth  data  were  used  to  determine 
the  structure  of  a competitive  hierarchy.  Field  observa- 
tions on  intensity  and  selectivity  of  predation  by  sea 
urchins  provided  the  only  source  of  mortality  or  species 
elimination  from  the  spatial  array. 

Simulated  experiments  were  conducted  where  intensity 
and  selectivity  of  the  predatory  disturbance  were  varied. 
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In  the  absence  of  any  predation,  the  superior  competitors 
(the  sponyes,  i!  ,i  I i .■  l.o>.  ! and  :i  i I i chontifLa  , and  the  solitary 
tunicate,  .’f,.,,  L.i)  were  most  abundant.  As  generalized 
predation  intensity  increased,  J,.-hLi’.opOi‘e  Lla  became  most 
prevalent.  This  encrusting  bryozoan  had  a high  recruitment 
rate  and  was  often  observed  in  the  field  to  settle  quickly 
and  monopolize  newly  submerged  settling  plates.  When  the 
predation  process  was  modified  so  as  to  exclude  elimination 
of  the  hydroid,  Hy  dv.iu  tinia , high  predation  intensity 
selectively  favored  this  species.  Field  studies  have  in- 
dicated that  this  hydroid  is  commonly  found  on  pilings 
where  sea  urchins  have  created  sufficient  primary  substrate 
for  Ihj  cii‘a.‘  tinia  settlement.  Hy  di'aa  tinia  had  a very  low 
recruitment  rate  and  was  very  rare  on  undisturbed  sub- 
strates. In  addition,  it  was  usually  found  to  be  not 
susceptible  to  sea  urchin  predation  on  the  artificial  piling 
substrates . 

This  model  has  provided  additional  evidence  regarding 
the  mechanisms  which  favor  Hy draatinia  in  the  Beaufort 
fouling  community.  It  has  demonstrated  the  interrelation- 
ships among  predation,  competition,  and  recruitment  pro- 
cesses in  determining  community  structure.  Current  plans 
are  to  expand  the  model  to  two  dimensions  and  then  to  apply 
it  to  other  epibenthic  communities.  This  model  is  uniquely 
suited  to  analyze  the  relative  effects  of  complex  competi- 
tive relationships  (e.g.,  networks)  and  the  stochastic 
recruitment  processes  which  have  been  reported  to  be  import- 
ant in  certain  tropical,  reef  communities. 


MAINTENANCE  OF  DIVERSITY  IN  CRYPTIC  CORAL  REEF  COMMUNITIES 


J.B.C.  Jackson 

Department  of  Earth  and  Planetary  Sciences 
The  Johns  Hopkins  University 
Baltimore,  Maryland  21218 

Most  of  the  hard  substrate  surface  area  of  coral  reefs 
lies  within  crevices  and  other  cavities  of  the  reef  frame- 
work. The  most  common  of  these  cryptic  substrates  on  Carib- 
bean fore-reef  slopes  are  the  exposed  skeletal  undersurfaces 
of  foliacious  corals  such  as  A.'jaricia,  Monta^itrea,  'Ajce.to- 
vkyllia,  and  some  Porites.  These  substrates  support  a 
highly  diverse  encrusting  fauna  of  some  300-500  species. 
Sponges,  ectoprocts,  colonial  ascidians,  and  coralline 
algae  occupy  the  largest  proportion  of  the  avajlable  sub- 
' strate.  Free  space  is  almost  entirely  lacking  (maximum 

' 1-5%)  and  direct  competitive  interactions  for  space  (inter- 

ference competition)  are  intense.  Virtually  every  coral 
undersurface  exhibits  numerous  examples  of  overgrowth  of 
some  species  by  others. 

Experimental  studies  on  the  rocky  intertidal  shore 
have  demonstrated  that,  in  the  absence  of  disturbance,  s'ub- 
strates  become  dominated  by  one  or  a few  species.  Higher 
diversity  results  from  the  introduction  of  a disturbance, 
either  in  the  form  of  predation  or  physical  processes, 
which  makes  free  space  available  for  inferior  competitors. 
This  model  for  maintenance  of  a given  level  of  diversity  is 
dependent  on  a ranked  hierarchy  of  interference  competitive 
ability  (Species  A > Species  B > Species  C and  Species  A > 
Species  C)  coupled  with  the  maximum  effects  of  disturbance 
II  operating  upon  the  competitively  dominant  Species  A. 

In  the  cryptic  reef  system  no  obvious  disturbance  agent 
is  apparent,  yet  the  high  diversity  is  maintained.  The 
F'  existence  of  specific  competition  mechanisms  provides  a 

possible  explanation  of  this  alternative  community  behavior. 

! Preliminary  experiments  demonstrate  the  existence  of  sponge 

toxins  (al lelochemicals ) capable  of  halting  feeding  or 
causing  mortality  of  ectoprocts.  Circumstantial  evidence 
suggests  allelochemical  interactions  exist  among  all  other 
major  colonial  animal  groups  on  the  reef.  Allelochemical 
effects  appear  quite  specific  as  no  sponge  causes  mortality 
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or  cessation  of  foediny  in  all  ectoproct  species  subjected 
to  the  sponye. 

Existence  of  specific  competition  mechanisms  suygosts 
an  alternative  but  complementary  model  for  maintenance  of 
diversity  in  space- 1 i mi  ted  systems  in  the  absence  of  hiyh 
levels  of  disturbance.  Tiie  model  requires  that  interference 
competitive  ability  of  spaco-occupy iny  organisms  does  not 
follow  a simple  1 inear- ranked  hierarchy.  Such  systems  may 
instead  be  structured  by  competitive  networks  (Species  A > 
Species  B > Species  C but  Species  C > Species  A)  as  opposed 
to  competitive  hierarchies. 

The  more  species  and  the  more  numerous  and  complex 
the  competitive  ni.‘tw  rks  of  any  such  system,  then  the  slower 
will  space  tend  !■  bi-  -ucupied  by  a single  competitive 
dominant,  and  the  icss  the  amount  of  external  disturbance 
necessary  to  mainta.,.  a given  level  of  diversity  within  the 
system.  Research  this  summer  has  demonstrated  that  com- 
petitive networks  are  present  in  both  cryptic  and  exposed 
reef  environments.  The  major  question  that  now  emerges  is 
why  are  some  systems  characterized  by  linear  hierarchies 
and  others  by  networks . 
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THE  IMPORTANCE  OF  STRUCTURAL  HETEROGENEITY 
IN  A MARINE  INFAUNAL  SYSTEM 

Sar.ih  Aim  Woodin^ 

Department  of  Earth  S.  Planetary  Sciences 
The  Johns  Hopkins  University 
Baltimore,  Maryland  21218 

The  distribution  and  abundance  of  an  infaunal  assem- 
blage located  intertidally  (-0.03  m tidal  height)  in  Tom's 
cove,  Assateague  Island,  Virginia  was  investigated.  Samples 
were  taken  monthly  from  March  1974  to  October  1975.  The 
assemblage  is  dominated  numerically  and  taxonomically  by 
polychaete  annelids.  The  numerically  dominant  species  are 
members  of  the  families  Spionidae  [Spio  spp.  and  ' 

benodijti)  , Chaetopteridae  {Spio<jhaetopt:  i‘uc.  ouu'' <•■),  and 
Cirratulidae  (Thui'jx  acutua)  . Diopatra  c 'Z , an  onuphid 
polychaete,  is  the  most  conspicuous  organism  due  to  its 
size  and  large  epifaunal  tube  cap.  To  determine  the  effect 
of  Piop  utt\r  on  the  remiiinder  of  the  infauna,  samples  were 
taken  from  areas  with  and  without  Diopaira.  The  tube  cap 
was  sampled  separately.  The  abundance  of  infauna  increases 
significantly  with  increases  in  tlie  abundance  of  tt-'. 

Samples  taken  in  a concentric  ring  design  showed  that  this 
increase  was  restricted  to  the  inner  3.01  m^  x 16  cm  Sample. 
To  separate  t.he  effect  of  the  worm,  Diopati-a,  from  that  of 
its  tube  and  tube  cap,  artificial  high  density  (6/0.01  m^) 
Diopatva  areas  were  created  using  a combination  of  stakes 
and  plastic  straws.  The  straws  were  bent  and  placed  on 
stakes  in  the  sediment  in  0.01  m^  areas  without  Dioiati‘2. 
After  5 months  the  infaunal  abundances  in  these  areas  were 
not  significantly  different  from  abundances  in  natural  areas 
with  identical  densities  of  real  Diopatra.  Thus,  the  effect 
is  due  to  the  presence  of  the  tube,  not  the  worm. 

Predator  exclosures  were  used  to  test  the  hypothesis 
that  the  significant  increase  in  infaunal  aoundance  with 
the  presence  of  Diopatra  tubes  was  due  to  a reduction  in 


^This  research  was  supported  in  part  by  NSF  Grant  no. 
GA-42611 . 


207 


1*1 


predation  pressure.  No  significant  differences  were  ob- 
served among  infaunal  densities  in  the  sideless  exclosures, 
top] ess  exclosures,  and  control  areas.  Infaunal  abundances 
incre/ sed  significantly,  however,  within  the  completely 
enclosed  areas  relative  to  densities  in  the  control  areas; 
the  differences  in  density  due  to  presence  or  absence  of 
Di'  r.i  t )‘.i  disappeared.  This  was  not  true  of  exclosures  that 
failed  to  e.xclude  the  main  predator,  Callineates  sapidus. 

The  significant  increase  in  infaunal  abundances  with  high 
densities  (6/0.01  m2)  of  Dicpati'a  oupi'ea,  then,  is  due  to 
the  presence  of  the  tube,  not  the  worm,  and  to  reductions  in 
predation  pressure  associated  with  the  presence  of  the  tube. 


208 


STRUCTURE  OF  TWO  SOFT-BOTTOM,  ULTRA- ABYSSAL  COMMUNITIES 


Robert  R.  Hessler 

Scripps  Institution  of  Oceanoijraphy 
La  Jolla,  California  92093 

In  the  last  five  years,  the  deep-sea  benthic  program 
at  Scripps  Institution  of  Oceanography  has  had  the  oppor- 
tunity of  sampling  ultra-abyssal  sediment  ponds  in  the 
axes  of  two  trenches:  the  Aleutian  Trench  at  7300  meters, 

and  the  Philippine  Trench  at  9600  m.  Unlike  most  programs 
in  the  past,  we  have  concentrated  on  small-scale  sampling 
devices,  which  emphasize  the  interactions  of  individuals 
rather  than  populations.  While  the  samples  are  few,  they 
reveal  conditions  that  are  sufficiently  clear-cut  to 
warrant  discussion. 

A 0.25  m2  box  core  from  the  Aleutian  Trench  displayed 
a standing  crop  as  high  (1272  ind./m^)  as  is  found  at 
bathyal  depths  along  continental  margins.  The  species 
diversity  of  this  sample  is  very  low,  much  lower  than  is 
typical  for  other  deep-sea  communities.  These  features 
can  be  explained  in  terms  of  food  supply  and  environmental 
stability,  which  are  factors  that  have  been  strongly  impli- 
cated in  the  control  of  deep-sea  communities  in  general. 

The  high  standing  crop  is  a result  of  the  high  regional 
productivity  of  overlying  waters.  The  low  diversity  is  most 
probably  an  outcome  of  the  higlily  unstable  sedimentary 
regime,  where  frequent  seismic  activity  interacts  with  a 
high  sedimentation  rate  to  produce  sporadic,  catastrophic 
deposition  at  a rate  which  is  high  compared  to  the  recovery 
time  of  the  community. 

The  Philippine  Trench  samples  also  display  low  diver- 
sity, and  sedimentological  cores  show  repeated  graded  bed- 
ding as  documentation  of  the  unstable  depositional  condi- 
tions. Here  standing  crop  is  much  lower,  reflecting  a 
lower  nutrient  input  which  results  either  from  lower  sur- 
face productivity  or  the  great  depth  of  water. 

The  taxonomic  composition  of  the  Aleutian  Trench  sam- 
ple shows  unusual  relative  abundance  of  aplacophorans , 
enteropneus ts  and  echiurids,  compared  to  other  deep-sea 
cominunities . Echiurids  are  also  unusually  abunoant  in  the 
Philippine  Trench.  Too  little  is  known  of  the  autecology 
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of  these  taxa  to  explain  these  relationships. 

Baited  camera  and  trap  samples  from  the  Philippine 
Trench  show  another  unusual  aspect  of  taxonomic  composi- 
tion at  ultra-abyssal  depths.  Tremendous  numbers  of  amphi- 
pods  were  attracted  to  the  dead  fish  used  as  bait.  This 
stands  in  contrast  to  abyssal  and  bathyal  depths,  where 
fish  and  decapods  comprise  the  major  portion  of  the  biomass 
hich  is  attracted.  Once  again,  there  is  no  ready  explana- 
ion  for  this  difference.  It  is  always  possible  that  the 
great  hydrostatic  pressure  has  an  adverse  effect  on  fish 
and  decapods.  However,  there  is  also  the  possibility  that 
the  amphipods  have  gained  a strong  selective  advantage  from 
a shift  in  the  nature  of  the  food  supply. 


A COMPARISON  OF  EAST  AND  WEST  COAST  POPULATIONS  OF  A 
NUDIBRANCH-ANEMONE  ASSOCIATION  WITH  EMPHASIS  ON  FORAGING 
STRATEGIES  AND  THE  INFLUENCE  OF  ENVIRONMENTAL  STABILITY 


Larry  G.  Harris 
Department  of  Zoology 
University  of  New  Hampshire 
Durham,  New  Hampshire  02824 

The  anemone-eating  nudibranch  Aeolidia  papilla.- a is 
found  associated  with  subtidal  populations  of  the  acontiate 
anemone  '!.■  tr‘idi-um  r-cnile  along  the  Atlantic  and  Pacific 
coasts  of  the  United  States.  There  are  striking  differences 
in  the  dynamics  of  cast  and  west  coast  populations  of 
Aeolidia  which  in  turn  influence  the  population  structure 
of  y.e  t'fidium.  East  coast  populations  of  A.  i avillo&a 
undergo  large  seasonal  fluctuations  w'ith  high  numbers  of 
adult  individuals  present  through  the  winter  and  most  repro- 
duction occurring  in  the  spring.  The  decline  of  Acolial  : 
populations  is  correlated  with  increased  foraging  by  crabs 
and  bottom- feeding  fishes.  Medtridium  cenile  has  an  effec- 
tive defensive  response  to  Aeolidia  predation  in  the  extru- 
sion of  nematocyst-bearing  acontia;  the  defensive  response 
is  directly  correlated  to  the  damage  caused  by  the  attacking 
nudibranch.  Young  Aeolidia  initially  attack  large  anemones 
and  shift  to  smaller  anemones  when  the  response  from  large 
anemones  becomes  too  intense.  The  result  of  the  foraging 
strategy  of  Aeolidia  is  that  only  large  anemones  which  are 
relatively  immune  to  attack  survive  outside  of  aggregations 
and  Metridi urn  populations  typically  consist  of  large  soli- 
tary individuals  and  aggregates  of  large  and  small  indivi- 
duals . 

West  coast  populations  of  Aeolidia  are  nonseasonal 
with  reproduction  occurring  throughout  the  year.  Popula- 
tions of  Aeolidia  are  dominated  by  young  nonreproductive 
individuals  as  is  typical  of  a predation- regulated  popula- 
tion. West  coast  Metridium  populations  are  less  tightly 
aggregated  and  the  mean  size  of  the  anemones  is  smaller, 
suggesting  that  Aeolidia  populations  are  suppressed  by  pre- 
dation below  that  which  would  seriously  affect  Metfidium 
populations . 

Laboratory  studies  have  shown  that  A.  i apillosa  prefers 
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to  eat  most  temperate  anemone  species  over  Mctridium  nenile. 
However,  large  populations  of  Aeolidia  are  found  only  in 
association  with  Meti'idium.  It  is  suggested  that  preferred 
anemone  species  utilize  one  or  more  escape  mechanisms  such 
as  intertidal  distribution,  solitary  habit  and/or  active 
escape  responses  which  have  made  it  evolutionar i ly  i~ip«')ssi- 
ble  for  Aeolidia  to  develop  a larval  preference  for  those 
preferred  anemones  over  the  common,  aggregated,  subtidv.I 
Meti'idiurn  senile. 

East  and  west  coast  populations  of  Aeolidia  are 
predator  controlled.  Populations  in  the  highly  season^'l, 
low  diversity  east  coast  communities  show  regular  but  ex- 
treme oscixlations . In  contrast,  west  coast  populations 
are  much  more  stable  and  the  community  structure  is  more 
complex  and  shows  less  seasonal  variation.  The  results 
of  this  comparative  study  are  cited  as  evidence  for  the 
validity  of  the  Stability-Time  Hypothesis.  It  is  also  sug- 
gested that  there  is  an  inverse  correlation  between  communi- 
ty resilience  and  community  complexity. 


w 


ECOLOGICAL  IMPLICATIONS  OF  PATTERNS  OF  ROCKY 
INTERTIDAL  COMMUNITY  STRUCTURE  AND  BEHAVIOR 
ALONG  AN  ENVIRONMENTAL  GRADIENT 


Bruce  A.  Menge 
Department  of  Biology 
University  of  Massachusetts 
Boston,  Massachusetts  02125 

Much  current  ecological  research  is  aimed  at  under- 
standing how  community  structure  arises  and  persists.  Two 
key  problem  areas  in  this  quest  are  (1)  species  diversity 
gradients,  and  (2)  community  stability.  I discuss  a graphic 
model  which  suggests  that  species  diversity  patterns  along 
environmental  gradients  are  a function  of  both  competitive 
interactions  (among  species  in  the  top  trophic  level)  and 
predation  (acting  on  species  in  the  lower  trophic  levels)  . 

The  relative  overall  importance  of  these  interactions  on 
community  structure  is  inversely  correlated  and  depends  on 
environmental  rigor.  In  rigorous  (relatively  variable, 
unpredictable,  stressful)  environments,  trophic  structure  is 
simple  (few  trophic  levels)  and  competition  has  the  greatest 
effect  on  community  structure.  In  more  benign  (less  vari- 
able, more  predictable,  non-stressf ul ) environments,  trophic 
structure  is  more  complex  because  the  physiologically  more 
delicate  predators  are  not  as  inhibited  by  the  physical 
environment.  In  such  communities  predation  has  the  greatest 
overall  effect  on  community  structure  and  competition  is 
important  in  organizing  guilds  of  top  predators.  In  the 
most  structurally  and  trophically  complex  communities,  com- 
petition may  also  have  an  important  regulatory  effect  at 
the  lowest  trophic  levels  because  species  at  these  levels 
appear  to  escape  control  by  their  (middle  level)  predators, 
who  in  turn  are  controlled  by  the  top  predators.  E.xperi- 
ments  supporting  the  predictions  of  this  mod^'l,  mostly 
from  rocky  intertidal  systems,  are  briefly  discussed. 

Communities  occurring  in  highly  stable  physical  environ- 
ments are  thought  to  have  high  persistence  stability  and  low 
adjustment  stability,  while  communities  in  unstable  environ- 
ments theoretically  have  low  persistence  and  high  resilience. 
Data  from  the  New  England  rocky  intertidal  are  presented 
which  seem  to  support  these  hypotheses.  I suggest  that 
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these  patterns  of  community  behavior  result  from  (1)  differ- 
[ ences  in  life  history  characteristics  of  structurally 

I dominant  species,  and  (2)  differences  in  the  intensity  of 

biological  interactions,  especially  those  between  consumers 
- and  their  prey.  Thus,  communities  in  unstable  environments 

[ have  relatively  high  resilience  but  low  persistence  because 

; the  structurally  dominant  species  are  relatively  opportunis- 

I tic  (early  maturing,  short-lived,  fast  growing,  high  re- 

I cruitment  rates)  and  are  unaffected  by  predation, 

i Communities  in  stable  environments  have  low  resilience  but 

\ high  persistence  because  the  structurally  dominant  species 

J are  relatively  longevous  (late  maturing,  long-lived,  slow 

' growing,  low  recruitment  rates)  and  predation  intensity  is 

) intense  and  chronic,  greatly  reducing  the  frequency  of 

i escapes  by  the  structural  dominants. 
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